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PREFACE 
 
This thesis is presented in the form of a General Introduction (Chapter 1) and 
Literature Review (Chapter 2) which introduce the reader to Conservation Agriculture 
issues in the Eastern Cape Province of South Africa. This is followed by Chapter 3 
which deals with winter field trials on cover crop species and fertilizer effects on 
biomass accumulation, winter weed dynamics, carbon and nitrogen uptake. Chapter 4 
deals with the effect of the different cover crop residues on weeds, soil water and 
maize productivity in the subsequent summer. The next chapter focuses on 
decomposition, N and P mineralization by winter cover crops. In Chapter 6, summer 
field trials evaluating different strip intercropping patterns on maize productivity and 
biomass production by summer cover crops are reported. Chapter 7 deals with 
decomposition, N and P mineralization by summer cover crops in laboratory 
incubation studies. Chapter 8 reports on a field study which investigated the effects of 
relay inter-cropping summer cover crops on cover crop biomass yields and maize 
productivity. Finally, the General Discussion, Conclusions and Recommendations are 
reported in the last chapter.  
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ABSTRACT 
 
The current interest in conservation agriculture (CA) technologies is a result of the 
need to reduce excessive land degradation in most crop producing areas as well as to 
enhance sustainable food production. Cover crops that are usually grown under CA to 
provide soil cover, may offer secondary benefits, depending on the farming system. 
The concept of growing cover crops is a relatively new phenomenon to smallholder 
farmers. Production of large biomass yields and weed suppression from cover crops 
were major challenges affecting success and uptake of CA technologies by 
smallholder irrigation farmers. Coupled with this, low soil fertility limit maize 
productivity and reduce water use efficiency on smallholder irrigation schemes in 
what is largely a water strained agro-ecology in South Africa. While cover cropping 
can increase maize productivity, benefits of different types of mulch are not well 
understood, leading to challenges in selecting the most appropriate cover crop species 
to grow in the Eastern Cape Province (EC) of South Africa (SA) which has a warm 
temperate climate. With respect to any new technology, smallholder farmers are more 
interested in the economic benefits.  
 
Cover crops have been defined as leguminous or non-leguminous plants used for 
ground cover in various temporal and special configurations used in crop or animal 
production systems. The purpose of these cover crops is to improve on or more of the 
following: soil erosion, availability and cycling of N, P, K, Ca and other nutrients, soil 
moisture and water infiltration, and weed or pest control (Eilitta et al., 2004).. 
Improvement of animal or human diet may be additional goals. This definition 
accommodates diverse systems which may include intercrop and sole-cropping 
systems. In the Eastern Cape Province of South Africa, a government initiative has 
promoted the growing of winter cover crops in smallholder irrigation schemes 
(Allwood, 2006). In other parts of Africa, legume food crops have been 
simultaneously grown with cereal staples to improve both soil cover and human diet 
(Eilitta et al., 2004). 
 
Winter experiments were undertaken in 2007 and 2008 to evaluate biomass 
accumulation, C and N uptake, weed suppression and response to fertilization. Winter 
cover crops planted included; oats (Avena sativa), grazing vetch (Vicia dasycarpa), 
  v 
faba bean (Vicia faba), forage peas (Pisum sativum) and lupin (Lupinus angustifolius). 
After cover crops were terminated, the effects of residues on weeds, fertility, moisture 
conservation and maize productivity were undertaken in the 2007/08 and 2008/09 
summer seasons. Field studies were also done in the 2007/08 and 2008/09 summer 
seasons to investigate effects of strip intercropping patterns (3:2; 4:2; and 6:2 
patterns) of maize (cv. PAN 6479) with mucuna (Mucuna pruriens) or sunnhemp 
(Crotalaria juncea) on maize productivity and summer cover crop biomass 
production. In a separate experiment effects of relay intercropping sunnhemp, mucuna 
and sorghum (Sorghum bicolor) on biomass accumulation and maize productivity 
were investigated. Decomposition, N and P release from both winter cover crops and 
summer cover crops were also assessed in laboratory incubation experiments. 
 
Oats, grazing vetch and forage peas cover crops produced mean dry mass of 13873 
kg/ha, 8945.5 kg/ha and 11073 kg/ha, respectively, while lupin had the lowest dry 
mass of 1226 kg/ha over the two seasons. Oats responded to fertilization while, there 
was little or no response from the other winter cover crops. Oats and grazing vetch 
also reduced weed density by 90 % and 80 % respectively while lupin only reduced 
weed density by 23 % in relation to  the control plots. Nitrogen uptake was 254 kg 
N/ha for oats while it was 346 kg N /ha for grazing vetch.  
 
In the subsequent summer season, grazing vetch and forage pea residues significantly 
(P < 0.01) improved soil inorganic N. Oat and grazing vetch residues significantly (P 
< 0.05) reduced weed dry masss and weed species diversity compared to plots with 
lupin residues and the control. Lack of maize fertilization tended to reduce maize 
yields but not for maize grown on grazing vetch residues. From an economic 
perspective, grazing vetch resulted in the highest returns. Decomposition of winter 
cover crops was much faster for grazing vetch followed by forage peas and lastly oats. 
Oats had 40 % ash free dry mass remaining after 124 days while grazing vetch and 
forage peas had 7 % and 16 % respectively. Maximum net mineralized N and P were 
greater for grazing vetch (84.8 mg N/kg; 3.6 mg P/kg) compared to forage peas (66.3 
mg N/kg; 2.7 mg P/ha) and oats (13.7 mg N/kg; 2.8 mg P/kg).  
 
In the strip intercropping trials, sunnhemp achieved the highest biomass yield of  4576 
kg/ha in the 3:2 pattern while mucuna achieved 1897 kg/ha for the same strip pattern. 
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The 3:2 strip intercropping pattern slightly depressed yields, however, yield reduction 
was more pronounced in the first season where water stress was experienced. 
Growing maize on previous cover crop strips failed to increase maize productivity 
probably due to weed growth during the fallow reducing mineral N in these strips.  
 
Decomposition was faster in sunnhemp leaves and mucuna compared to sunnhemp 
stems.  Sunnhemp stems had about 65 % of ash free dry mass remaining after the end 
of the experiment at 132 days while just over 10 % of mucuna and sunnhemp leaves 
still remained. Mucuna mineralized 60 mg N/kg and 3.2 mg P/kg and sunnhemp 
mineralized 45 mg N/kg and 3.5 mg P/kg. Relay intercropping did not significantly (P 
> 0.05) affect maize biomass and grain yield. Sorghum experienced the largest drop in 
biomass when relay-intercropped with maize. Mucuna resulted in the highest N 
uptake (271 kg N/ha) in sole cropping while sorghum had the lowest (88 kg N/ha).  
 
Grazing vetch results in high biomass yields with minimal fertilizer application in a 
warm-temperate climate. Grazing vetch mulch is also the most cost effective mulch 
for better early weed control, improving soil mineral N status, water conservation and 
ultimately enhanced maize productivity in smallholder irrigation maize-based 
systems. The 3:2 pattern maximizes summer cover crop biomass yields compared to 
the 6:2 and 4:2 patterns. However, the 3:2 pattern may slightly depress yields in a 
water stressed environment. Relay intercropping mucuna, sunnhemp and sorghum 
into a maize crop at 42 days after maize sowing has no effect on maize productivity 
while cover crop biomass yields are low. Having a long winter fallow period after 
maize harvesting, a common practice in the study area, reduces the positive impact of 
legume cover crops on soil mineral N. Results suggest that winter cover crops may 
result in weed control, soil fertility and maize yield improvement benefits while a 
long fallow period may cancel-out these benefits for summer cover crops.  
 
Grazing vetch is a cost effective cover crop that produces high maize yields with 
minimal fertilizer input. Maize growing on oat mulch requires more fertilizer 
application than crops growing on grazing vetch mulch. Conservation agriculture 
systems in which summer cover crops are grown alongside the maize crop with a long 
winter fallow period do not produce the intended CA benefits. 
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1 GENERAL INTRODUCTION 
 
1.1 Statement of the problem 
Land degradation is one of the major challenges to sustainable agriculture in South 
Africa (SA). Burning of crop residues and continuous tillage have led to excessive 
soil erosion (Laker, 2004). Removal of a cover of vegetation explained the declining 
soil organic matter and soil microbial activity of agricultural land in SA (Mills and 
Fey, 2004). In the 1970s to 1980s researchers in SA tried to promote minimal tillage 
to address increasing land degradation with limited success (Fowler, 1999). The 
missing element found in these reduced tillage systems was a permanent soil cover 
(Fowler, 1999; Derpsch, 2003). It could be argued that farmer uptake of technologies 
developed was low, probably because these did not fit appropriately into their system 
nor offer sufficient economic incentives. Agricultural scientists and policy makers in 
SA have tried to borrow from the Latin American experience on conservation 
agriculture (CA) to reduce land degradation (Allwood, 2006).  
 
The challenges faced by farmers in the EC are many and varied. In most parts of the 
province, rain is low and poorly distributed, soil fertility is a constraint whilst use of 
both organic and inorganic fertilizers is low, weeds compete with crops for limited 
moisture and nutrients negatively impacting yield, and increasing land degradation 
(Mandiringana et al., 2005, Fanadzo et al., 2010). There are about 317 smallholder 
irrigation schemes in SA, accommodating up to 250 000 smallholder irrigators 
(Bembridge, 2000). For some farmers, water availability at the source for irrigation is 
not limiting, resulting in over irrigating due to lack of technical knowledge. However, 
cropping intensity on smallholder irrigation farms is low, < 48 %, farmers rarely plant 
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winter crops such as cabbage, carrot and onion leaving the land fallow throughout the 
winter (5-6 months) and thereafter plant the summer maize crop. In a three-year study 
it was reported that only 6.6 % of the total land area was planted to winter crops at 
ZIS (Fanadzo et al., 2010). Reasons for low cropping intensities included 
infrastructure deficiencies, poor operational and management structure, lack of 
technical knowledge and lack of financial resources (Fanadzo et al., 2010). Growing 
winter cover crops provide an opportunity to introduce CA without a major disruption 
of the farming system in the area. 
 
1.2 Justification of the study 
Conservation agriculture differs from other sustainable practices such as agroforestry 
in that there is no tillage; plant residues are not incorporated into the soil but are left to 
decompose on the soil surface (Nair, 1993; Derpsch, 2003). CA is being actively 
promoted in the Eastern Cape (EC) Province by the Department of Agriculture as a 
solution to increase food production and decrease land degradation (Allwood, 2006). 
If movement towards CA in the Eastern Cape is to be successful, suggested 
solutions/technologies must readily address farmer priority problems and demonstrate 
economic advantage. 
 
In smallholder maize-based cropping systems in the EC, it could be argued that weed 
control is the major challenge faced by farmers. Work in ZIS in the EC, by a UFH 
research team, indicated a large negative impact of weeds on crop production 
(Fanadzo et al., 2010). Therefore, weed control could be an appropriate entry point for 
introducing cover crops in smallholder maize based-cropping systems and ultimately, 
moving towards CA in the EC. For a cover crop to be effective in suppressing weeds, 
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a number of factors must be met. Quantity of biomass must be sufficient enough to 
mulch the surface and smother weeds. Rate of biomass accumulation must be high 
following planting to develop a full canopy which is able to smother weeds. Mulch 
may also have allelopathic effects to discourage germination of weeds but not affect 
the crop, thus bringing more advantages in weed control. The biomass must also be 
slow in decomposition for it to persist longer as mulch and smother weeds (Teasdale, 
1996). Effects of different cover crop mulches on weed species in the smallholder 
irrigation fields has not been determined in the EC. Experience gained so far with 
cover crops in the EC indicates that it is a challenge to achieve high level of cover 
crop biomass (Derpsch, 2003). The work to date has not been systematic in 
documenting the experience with cover crops to provide a firm base for making 
conclusions as to why there is no success in growing cover crops that yield high 
biomass. Observations on some trials at the UFH research farm and discussion with 
researchers point to a number of possibilities that may have led to low biomass 
production. These include growing inappropriate cover crop species, late planting, 
deep planting, low seed rates and lack of fertilizer use. Choice of cover crop species to 
grow has also been problematic and not fully informed by clear objectives to be 
achieved. 
  
A permanent soil cover with a thick layer of biomass as mulch has been a key factor 
for having success in the no-tillage system in Latin America. Farmers aim at 
producing at least 6 - 10 t/ha/yr of dry matter from cover crops and cash crops 
(Derpsch, 1998). This amount of biomass has good effects on weed suppression and 
improving chemical, physical and biological soil properties (Derpsch, 1998). The 
importance of ground cover (vegetation or plant residues) in mitigating soil erosion is 
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widely acknowledged (Theron, 1988; Weaver, 1998; Maswana 2001; Mills and Fey, 
2004). Retention of stover greatly minimised soil loss for the pineapple industry in the 
EC from 48 t/ha to about 2 t/ha (Theron, 1988). Multiple benefits, in addition to 
control of land degradation, can persuade farmers in low external input systems to 
grow cover crops. 
 
While production of sufficient biomass is necessary in CA, the quality of the biomass 
has implications on persistence, weed suppression, water conservation and soil 
fertility (Nair, 1993). Biomass quality refers to the chemical composition and 
comparative rates of decomposition of plant residues. Various indices have been used 
to describe biomass quality and these include the C/N ratio, half-life and polyphenolic 
to nitrogen ratios. As the C/N ratio of plant residues increases above 30:1 potential for 
N net-immobilisation in the soil increases (Sainju et al., 2005). Biomass with a 
relatively high C/N ratio may have low decomposition rates and smother weeds. 
 
Critically low N and P status of the soil limits crop yields (Mandiringana et al., 2005). 
The improvement of soil nitrogen status by legume cover crops is widely 
acknowledged (Burity et al., 1989; Gitari et al., 2000; Jeranyama et al., 2000; Kaizzi 
et al., 2006). The bulk of the smallholder farmers lack access to credit, rendering 
inorganic fertilizers unaffordable, resulting in most farmers applying about 60 kg 
N/ha in a maize crop (Fanadzo, 2007). Higher fertilizer rates on irrigation schemes 
increase maize yields and net income (Department of Agriculture, 2008a). For 
effective nutrient conservation in CA systems, nutrient release from decomposing 
cover crops should be synchronised with crop demand (Ibewiro et al., 2000). The 
quantification of organic residue decomposition and nutrient release is thus a pre-
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requisite for optimising nutrient-use efficiency by maize in cover cropping systems. 
The fertilizer value of plant residues left on the soil surface will depend on their 
ability to decompose and release nutrients (Adediran et al., 2003). Jeranyama et al. 
(2000) showed that intercropping maize with sunnhemp (Crotalaria juncea) or 
cowpea (Vigna unguiculata) requires addition of small amounts of inorganic 
fertilizers. If nutrients are released before crops are ready to take them up, they may 
be lost through leaching at the onset of rains and uptake by weeds during winter.  
 
Several winter cover crop species have been grown in the EC including canola 
(Brassica napus L.), hairy vetch (Vicia villosa), lupins (Lupinus albus), broadbeans 
(Vicia faba), Japanese raddish (Raphanus sativus) and black oats (Avena strigosa). 
Not much research has been done on summer cover crops. Summer cover crops may 
be more attractive than winter cover crops as costs could be reduced by considering 
intercropping as a strategy to incorporate cover crops in what is largely a maize-based 
cropping system. Suitability of summer cover crops in smallholder irrigation farming 
systems has not been tested. Nutrient flow from decomposing summer cover crops to 
the succeeding crop in smallholder irrigation farming systems that occur in SA is not 
well understood.There is lack of information on how to establish and manage summer 
cover crops. Relay planting into a summer crop may allow the cover crop to use most 
of the residual moisture after the rainy season. However, strip intercropping has been 
shown to be more effective in reducing competition among intercrop species 
(Ghaffazadeh et al., 1994). Effects of different types of strip-intercropping patterns 
and relay-intercropping on cover crop biomass production and maize productivity are 
issues that require attention. Differences in crop ratios in the intercrop system will 
modify the competitive relationships and the ability of the crops to capture and utilize 
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resources. To reduce competition effects on maize maize density is usually not 
reduced while the density of the cover crops is reduced. 
 
Mucuna (Mucuna pruriens) and sunnhemp are fast-growing cover crops known to 
produce high biomass yields and also enhance mineral N for a succeeding maize crop 
(Jeranyama et al., 2000; Kalumuna et al., 2001; Derpsch, 2003). These cover crops 
may also be suited for moisture conservation and also control weeds depending on the 
amount of biomass produced. Mucuna is known to produce low biomass yields on 
highly degraded soils with low soil fertility. However, mucuna and pigeon pea 
(Cajanus cajan) respond favourably to P and lime applications (Maasdorp et al., 
2004). Derpsch, (2003) suggested that for maximum cover crop biomass yields 
judicious fertilization of cover crops may be considered. Fertilizer management 
strategies for cover crops need therefore to be understood and an economic analysis of 
different CA systems may therefore be necessary.  
 
1.3 Main Objective 
The overall objective of the study was to evaluate winter and summer cover crop 
biomass production and their management strategies for weed suppression, soil 
nutrient management and the yield of subsequent maize.  
 
1.4 Specific Objectives 
The specific objectives were to: 
1. To determine biomass production as well as the C and N uptake by different 
winter cover crops species.  
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2. To determine effect of fertilization with N and P on winter cover crop biomass 
production. 
3. To evaluate the effect of actively growing winter cover crops on winter weeds.  
4. To determine the effect of different cover crop mulches and fertilization on 
weed dynamics, soil water, soil fertility and maize productivity. 
5. To assess rates of residue decomposition, N and P release from selected winter 
cover crop species in laboratory incubation experiments. 
6. To determine the effect of strip intercropping patterns on summer cover crop 
biomass production, C and N uptake and maize productivity. 
7. To assess rates of residue decomposition, N and P release from selected 
summer cover crops in laboratory incubation experiments. 
8. To determine the effect of relay intercropping summer cover crops into maize 
on cover crop biomass production and maize productivity. 
 
1.5 Hypotheses 
The hypotheses were: 
1. Biomass production as well as the C and N content differ between different 
cover crop species. 
2. Fertilization with N and P on cover crops improves biomass production of 
different cover crop species. 
3. Actively growing winter cover crops are able to smoother winter weeds. 
4. Different cover crop mulches affect weed dynamics, soil moisture, soil fertility 
and maize productivity. 
5. Rates of residue decomposition, N and P release differ between selected 
winter cover crop species.  
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6. Strip intercropping patterns affect summer cover crop biomass production and 
maize productivity. 
7. Rates of residue decomposition, N and P release differe for selected summer 
cover crops. 
8. Relay intercropping summer cover crops into maize affects cover crop 
biomass production and maize productivity. 
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2 LITERATURE REVIEW 
 
2.1 Introduction to literature review 
This litertature review provides a detailed background to the issues that were studied 
in this thesis. One of the major aims of this study, was evaluation of cover crops 
species with a view to maximize biomass yields and any other ecological benefits that 
can be attributed to growing particular cover crops species. A detailed discussion on 
those agronomic and management factors that influence growth and biomass yields of 
cover crops was done. This study also investigated effects of both winter and summer 
cover crop residues on maize productivity. It was also necessary to explore literature 
on biomass quality and how it relates to decomposition, soil fertility enhancement and 
weed control. Improvemnet of maize productivity through use of cover crops and CA 
technologies with a special emphasis on the smallholder irrigation sector was an 
important goal for this study. Discussions on cover crops and CA in this literature 
review will reflect this bias on the smallholder irrigation sector.  
 
2.2 Crop production challenges on smallholder irrigation schemes in South 
Africa 
 
The over 250 000 smallholder irrigators in SA face a myriad of challenges resulting in 
low productivity. South Africa is generally a water stressed environment, making 
supplementary irrigation necessary. The mean annual rainfall is low with 75% of the 
country receiving less than 600 mm.  More than 80 percent of its land surface is 
classified as semi-arid to arid (FAO, 2006). The limited water resources mean the 
water has to be used as most efficiently as possible. Water harvesting and 
conservation techniques such as tied ridging and mulching have been promoted 
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(Araya and Stroosnijder, 2010). In a few irrigation schemes, where there is no 
shortage of water, over irrigation due to lack of technical knowledge has been 
observed. In some smallholder irrigation schemes (SIS), irrigation equipment 
breakage and lack of maintenance results in critical water shortage during critical 
periods (Bembridge, 1996).  
 
Cropping intensity on smallholder irrigation farms is very low, less than 48 % and 
farmers rarely plant winter crops such as cabbage, carrot and onion, leaving the land 
fallow throughout the winter (5-6 months) and thereafter planting the summer maize 
crop. In a three-year study it was reported that only 6.6 % of the total land area was 
planted to winter crops at Zanyokwe Irrigation Scheme (Fanadzo et al., 2010). 
Reasons for low cropping intensities included infrastructure deficiencies, poor 
operational and management structure, lack of technical knowledge and lack of 
financial resources (Fanadzo et al., 2010).  
 
Average maize yields are below 3 t/ha (Bembridge, 2000; Fanadzo, 2007). These low 
yields under irrigation have been explained by a number of factors. Poor weed 
management seriously reduce maize yields. Farmers use hand hoes for weeding and 
rarely use herbicides. In cases of serious weed infestations, the entire crop may be 
abandoned to the weeds (Fanadzo et al., 2010). The soils have low organic matter, 
critically low mineral N and extractable P (Mandiringana et al., 2005). At ZIS in the 
EC late planting, inappropriate maize varieties and inadequate fertilization also 
explain the low productivity (Fanadzo et al., 2007). Delayed planting is explained by 
the lack of adequate tillage services where farmers have to wait for the few tractors 
that are available. The low application of external inputs in these systems has been 
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explained by lack of financial resources and lack of access to credit. Farmers often 
rely on family labour and there is also a shortage of hired labour during peak periods. 
The sustainability of these irrigation schemes has often been questioned, as farmers 
rely heavily on government grants for their operations. 
 
The main causes of this land degradation have been reported to be continuous 
conventional tillage. Conventional tilling where the soil is inverted using various 
forms of ploughing has led to formation of compaction, plough pans (Fowler, 1999) 
and accelerated decomposition of organic matter. Moreover, crop residues are 
removed or burned leaving the soil unprotected to climatic hazards such as rains, wind 
and sun. Increasing demand for arable land from a rapidly growing population has led 
to ever-shorter fallow periods, which no longer enable the restoration of soil fertility. 
Declining soil fertility and increasing weed pressure increase the workload of farmers, 
while yields persistently decline (Steiner and Bwalya, 2001). Soil losses above 60 
t/ha/yr have been estimated to occur on a maize crop in SA (Laker, 2004). Low 
inherent soil fertility and low pH have been explained as the result of intensive 
cultivation without nutrient replenishment on some soils in the Eastern Cape Province 
(Mandiringana et al., 2005). These production systems are clearly not sustainable. In 
many parts of the world, sustainable agricultural practices have been promoted to 
mitigate some of the challenges discussed above (Derpsch, 2005; Araya and 
Stroosnijder, 2010).  
 
2.3 Sustainable Agriculture 
Sustainable agriculture results in profitable crop production that builds soil resources 
and prevents environmental contamination (Abdul-Baki and Teasdale, 1997). 
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Sustainability also involves social, economic, and ecological relationships at local, 
national, and global levels (Abdul-Baki and Teasdale, 1997). The goal of sustainable 
agriculture is to conserve, build and maintain the soil at a high level of fertility 
(Abdul-Baki and Teasdale, 1997). Sustainability in agricultural systems is viewed in 
terms of resilience (the capacity of systems to buffer shocks and stresses) and 
persistence (the capacity of systems to carry on). It implies the capacity to adapt and 
change as external and internal conditions change. The conceptual parameters have 
broadened from an initial focus on environmental aspects to include first economic 
and then wider social and political dimensions (DFID, 2002). 
 
There is an increasing concern among producers, agricultural scientists and the 
general public about reducing the environmental impacts of agriculture, and 
maintaining or improving the quality of agricultural soils (Doran et al., 1994). This 
has caused a shift towards practising sustainable agriculture. Some of the reasons for 
this are: contamination of the environment by agricultural chemicals, soil erosion, 
depletion of natural resources and pesticide residues in food (Lu et al., 2000).  
 
Some of the major practices being used in sustainable agriculture include crop 
rotations, reduced tillage, use of animal manures, agroforestry, permanent agriculture, 
tied ridges and green manures (Nair, 1993; Lu et al., 2000; Adediran et al., 2003). 
Some of these practices have had some success in sustaining crop production without 
depleting the resource base. However, use of animal manures on a large scale has 
been limited for lack of availability of the manure or lack of transport from the source. 
Tied ridges have had success in water conservation but have minimal effect on soil 
fertility and weed control. Green manures are usually incorporated into the soil 
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through tillage to effectively reduce soil erosion. Conservation agriculture is currently 
being promoted in many parts of the world for increasing sustainability of agricultural 
systems (Derpsch, 2003; 2005). Conservation agriculture is a new terminology which 
takes a more holistic approach to sustainability with much wider application in 
different agro-ecological zones and farming systems (Steiner and Bwalya, 2001; 
Derpsch, 2005, Hobbs, 2007; Hobbs et al., 2008).  
 
2.4 Conservation agriculture 
There has been confusion on the characterization of conservation agriculture and 
differences with conservation tillage. To add to the confusion, the term ‘conservation 
agriculture’ is a recent term introduced by the FAO (Hobbs, 2007). Conservation 
tillage (CT) has been defined as follows:  a collective umbrella term commonly given 
to no-tillage, direct-drilling, minimum-tillage and/or ridge-tillage, to denote that the 
specific practice has a conservation goal of some nature. Usually, the retention of 30% 
surface cover by residues characterizes the lower limit of classification for 
conservation-tillage, but other conservation objectives for the practice include 
conservation of time, fuel, earthworms, soil water, soil structure and nutrients (Fowler 
and Rockstrom 2001; Baker et al. 2002).  
 
The three pillars of CA are, (i) minimal soil disturbance, through zero tillage and 
direct drilling, (ii) ecologically viable crop rotations and, (iii) permanent soil crop 
cover provided by cover crops. Conservation tillage practices such as reduced tillage 
practices can be transition steps towards CA (Hobbs, 2007). Conservation agriculture 
differs from other sustainable agriculture practices such as agroforestry in that in 
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agroforestry plant residues may be incorporated into the soil through tillage while in 
CA systems there is no tillage (Nair, 1993). 
 
Conservation agriculture maintains a permanent or semi-permanent organic soil 
cover. This can be a growing crop or dead mulch. Its function is to protect the soil 
physically from sun, rain and wind and to feed soil biota. The soil micro-organisms 
and soil fauna take over the tillage function and soil nutrient balancing. Therefore, 
zero or minimum tillage and direct seeding are important elements of CA. A varied 
crop rotation is also important to avoid disease and pest problems (FAO, 2008). One 
of the three pillars of CA is crop rotation. If crop rotations are practiced well they 
reduce the incidence of pests and diseases (FAO, 2008). It may also be important to 
rotate the cover crops themselves. Added to this it may also be necessary to train 
farmers in chemical control methods when rolling out CA technologies on 
smallholder farms.   
 
Both CA and CT endeavour to conserve, improve and make more efficient use of 
natural resources through integrated management of soil fertility water and biological 
resources combined with external inputs. They contribute to environmental 
conservation as well as to enhanced and sustained agricultural production. This 
encompasses the sustainable agricultural production need that all humankind desires 
to accomplish. Conservation tillage uses some of the principles of CA, but has more 
soil disturbance than CA (Hobbs, 2007). Conservation agriculture does not just mean 
not tilling the soil and then doing everything else the same. It is a holistic system with 
interactions among households, crops, and livestock since rotations and residues have 
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many uses within households; the result is a sustainable agriculture system that meets 
the needs of farmers (Hobbs, 2007).  
 
2.4.1 Minimal soil disturbance 
Tractors use large quantities of fuels that increase costs while also emitting 
greenhouse gases (especially CO2) and contributing to global warming (Grace et al., 
2003). Animal-based tillage systems are also expensive since farmers have to 
maintain and feed a pair of animals for a year for this purpose. Zero-tillage reduces 
these costs and emissions.  Farmer surveys in Pakistan and India show that zero-till of 
wheat after rice reduces costs of production by US$60 per hectare mostly due to less 
fuel and labour (Hobbs and Gupta, 2004). Higher rice yields were reported in the 
same study (Hobbs and Gupta, 2004) as result of earlier sowing, higher plant density, 
water conservation and less weed growth. 
 
Ploughing takes valuable time that could be used for other useful farming activities. 
No tillage minimizes time for establishing a crop. The time required for tillage can 
also delay timely planting of crops, with subsequent reductions in yield potential 
(Hobbs and Gupta 2004; Hobbs et al., 2008). By reducing turnaround time to a 
minimum, zero-tillage can get crops planted on time, and thus increase yields without 
greater input cost.  
 
Tillage and current agricultural practices result in the decline of soil organic matter 
due to increased oxidation over time, leading to soil degradation, loss of soil 
biological fertility and resilience (Lal, 2005). Zero-tillage, on the other hand, 
combined with permanent soil cover, has been shown to result in a build-up of organic 
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carbon in the surface layers (Campbell et al., 1996; Lal, 2005). An added economic 
consideration is that tillage results in more wear and tear on machinery and higher 
maintenance costs for tractors than under zero-tillage systems. 
 
2.4.2 Rotations 
Crop rotation is an agricultural management tool with ancient origins. The rotation of 
different crops with different rooting patterns combined with minimal soil disturbance 
in zero-till systems promotes a more extensive network of root channels and macro-
pores in the soil (Howard, 1996). This helps in water infiltration to deeper depths. 
Because rotations increase microbial diversity, the risk of pests and disease outbreaks 
from pathogenic organisms is reduced, since the biological diversity helps keep 
pathogenic organisms in check (Leake, 2003).  
 
2.4.3 Permanent organic soil cover 
2.4.3.1 Soil water conservation 
Surface residues enhance water infiltration and reduce evaporation and this led to the 
adoption of conservation tillage in the 1930s (Unger et al. 1988). Surface residues 
also reduce wind and water erosion (Unger et al. 1988). Bissett and O’Leary (1996) 
showed that infiltration of water under long term (8–10 years) conservation tillage 
(zero and subsurface tillage with residue retention) was higher compared to 
conventional tillage. Water-use efficiency (WUE) increased in CA systems with water 
savings of 15-50%. Other systems using no-till and permanent ground cover showed 
reduced water runoff, better water infiltration, and more water retention in the soil 
profile throughout the growing period (Fabrizzi et al. 2005). 
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2.4.3.2 Chemical, physical and biological soil properties 
Crop residues are a significant factor for crop production through their effects on soil 
physical, chemical and biological functions as well as water and soil quality (Kumar 
and Goh, 2000). Mulch also helps with recycling of nutrients, especially when legume 
cover crops are used, through the association with below-ground biological agents and 
by providing food for microbial populations. CA systems have also been reported to 
result in improved fertilizer use efficiency in rice-wheat systems due to better 
placement of fertilizer with seed drills as opposed to broadcasting with the traditional 
system (Hobbs and Gupta 2004). However, nitrogen fertilizer efficiency may be 
reduced as a result of micro-organisms tying up the nitrogen in the residue (Clark et 
al., 1994).  
 
Karlen et al. (1994) showed that normal rates of residue combined with zero-tillage 
resulted in better soil surface aggregation, and that this could be increased by adding 
more residues. Madari et al. (2005) showed that no-till with residue cover had higher 
aggregate stability, higher aggregate size values and total organic carbon in soil 
aggregates than conventional tillage in Brazil. Cover crops contribute to the 
accumulation of organic matter in the surface soil horizon and this effect is increased 
when combined with no-tillage (Riley et al., 2005). Vagen et al. (2005) concluded 
that the largest potential for increasing soil organic matter (SOC) is through the 
establishment of natural or improved fallow systems (agroforestry) with attainable C 
accumulation rates of 0.1 to 5.3 Mg C ha/yr. SOC is a key indicator of soil quality 
(Lal, 2005).  Soil microbial biomass (SMB) has commonly been used to assess below-
ground microbial activity and is a sink and source for plant nutrients. Amendments 
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such as residues and manures promote SMB activity while burning and removal of 
residues decrease SMB (Alvear et al., 2005).  
 
Zero-tillage with surface residues results in a better balance of microbes and other 
organisms, and a healthier soil. Ground cover promotes an increase in biological 
diversity not only below ground but also above ground; the number of beneficial 
insects was higher where there was ground cover and mulch (Hobbs and Gupta, 
2004). Rodriguez et al. (2006) reported an increase in the number of earthworms as a 
result of no tillage. 
 
Results from an oxisol soil in Brazil showed an increase in soil microbial carbon 
(Balota et al., 2004) while surface mulch may have moderated soil temperatures and 
moisture resulting in conditions favourable for microbial activity. Yields in the rice-
wheat (RW) systems of South Asia have been reported to be are higher with no-till 
because of timelier planting and better stands (Hobbs and Gupta, 2004).  
2.4.3.3 Mulch and soil erosion 
The energy of raindrops falling on a bare soil result in destruction of soil aggregates, 
clogging of soil pores and rapid reduction in water infiltration with resulting runoff 
and soil erosion (Dormaar and Carefoot, 1996). Mulch intercepts this energy and 
protects the surface soil from soil aggregate destruction, enhances the infiltration of 
water and reduces the loss of soil by erosion (Dormaar and Carefoot, 1996). No-till 
plus mulch reduces surface soil crusting, increases water infiltration, reduces run-off 
and gives higher yield than tilled soils (Thierfelder et al., 2005).  Similarly, the 
surface residue, anchored or loose, protects the soil from wind erosion (Michels et al., 
1995).  
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2.4.3.4 Weed control 
Reduced weed densities have been reported in CA systems (Teasdale, 1996; Collins, 
2004). A cover crop and the resulting mulch help reduce weed infestation through 
competition and not allowing weed seeds the light often needed for germination. 
There is also evidence of allelopathic properties of cereal residues in respect to 
inhibiting surface weed seed germination (Teasdale, 1996; Jung et al., 2004). Weeds 
will be controlled when the cover crop is cut, rolled flat or killed.  
 
2.5 Are CA benefits realised in smallholder farms in Sub-Saharan Africa? 
 
Recently, there has been debate on whether CA benefits can be realized by farmers in 
Sub-Saharan Africa (SSA) who face unique and numerous production challenges 
(Giller et al., 2009). While others contend that CA is appropriate for a wide range of 
smallholder conditions (FAO, 2008a,b) some believe that this assumption goes 
without rigorous evaluation or detailed testing (Giller et al., 2009).  Others also 
contend that, success of CA technologies by resource-limited farmers of South Asia 
and sub-Saharan Africa is constrained by removal of crop residues for fodder and 
animal dung as residential fuel, lack of appropriate seed drills which can sow in an 
unploughed soil covered by crop residue mulch, unfamiliarity with herbicide 
technology and non-availability or prohibitively high cost of herbicides (Lai, 2009). 
While use of the plough is unsustainable on erodible soils, its use is essential until 
alternative sources of residential fuels are available to rural households (Lai, 2009). 
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Mulching with crop residues profoundly alters the flow of resources at farm scale, 
where several competing uses for crop residues exist (e.g. fodder, fuel or construction 
material). Crop residues, and in particular cereal stover, provide highly valued fodder 
for livestock in smallholder farming systems in SSA. Indeed feed is often in critically 
short supply, given typical small farm sizes, and limited common lands for grazing. 
Given the cultural and economic value of livestock as an investment and insurance 
against risk, for traction, for the manure produced (Powell et al., 2004) and for milk 
and meat – livestock feeding takes precedence. As a result mulching materials are 
often in critically low supply, which makes the application rates of 0.5–2 t/ha reported 
to be needed to increase yield unrealistic (Wezel and Rath, 2002). In many mixed 
farming systems of SSA not feeding crop residues to livestock would probably create 
too great a tradeoff in livestock production. In Mozambique we have observed that the 
mulch is often removed in a matter of weeks by termites. Although the mulch 
improves infiltration initially, the soil cover is lost too quickly to provide effective 
protection against rain splash erosion or surface runoff, suppress weeds or to reduce 
evaporation. If the latter factors are important then the benefits of mulching will 
clearly be diminished (Giller et al., 2009). 
 
People that question the benefits of CA claim that the lack of mulch of crop residues 
retained in the field, constrain the success of CA practices. The retention of mulch is 
the defining aspect of CA in tropical countries where tillage is traditionally much less 
intensive than in temperate countries (Erenstein, 2003). Crop residues, and in 
particular cereal stover, provide highly valued fodder for livestock in smallholder 
farming systems in SSA. Feed is often in critically short supply, given typical small 
farm sizes, and limited common lands for grazing. 
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Mulching has other beneficial effects such as reducing soil evaporation, improving 
water infiltration, reducing maximum temperatures in the soil surface layers, 
increasing aggregate stability and soil porosity (Derpsch, 2005). Less seems to be 
known of how much, if any, mulch is needed to achieve the other effects (Giller et al., 
2009). Ojiem et al. (2006) introduced the concept of the socio-ecological niche and 
applied it to matching legume technologies to smallholder farming systems in western 
Kenya. The concept of the socio-ecological niche (Ojiem et al., 2006) could assist in 
providing   framework for ‘ideotyping’ the contexts within which CA has most to 
offer. There are many different types of CA, each with their specific requirements for 
labour, equipment and fertilizer. However, most researchers agree that CA 
technologies need to be adapted through extensive research to the different agro-
ecological conditions and farming systems where they are practised. 
 
2.6 The smallholder irrigation farming sector as a niche for CA technologies 
Conservation agriculture is being actively promoted by the Department of Agriculture 
(DA) in the EC not only to reduce land degradation but also improve weed 
management and soil N availability through the use of legume cover crops. If CA is 
successful on these irrigation schemes, it is hoped that there would be less reliance on 
government grants thus improving the sustainability of the systems (Allwood, 2006). 
 
Growing winter cover crops has been identified as an opportunity to increase biomass 
levels at the soil surface necessary for CA. Since farmers usually do not plant in 
winter, the growing of these winter cover crops will result in minimal disturbance of 
the farming system in these areas. Irrigation water is available and farmers’ fields are 
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fenced to deter livestock from grazing the cover crops. However, experience gained 
so far with cover crops in the EC indicates that it is a challenge to achieve high cover 
crop biomass yields (Derpsch, 2003). The work to date has not been systematic in 
documenting the knowledge on cover crops to provide a firm base for making 
conclusions as to the reasons for lack of success in growing cover crops that yield 
high biomass. Observations on some trials at the University of Fort Hare and 
discussion with researchers point to a number of possibilities that may have led to low 
biomass production. These include growing inappropriate cover crop species, late of 
planting, deep planting, low seed rates and no fertilizer use. Choice of cover crop has 
also been problematic and not fully informed by clear objectives to be achieved. 
Derpsch, (2003) recommended judicial fertilizer applications to cover crops to 
improve biomass yields on soil with an inherently low nutrient status. This may have 
an implication on the profitability of the system, hence an economic analysis is 
important in such studies. 
 
While there has been some experience with winter cover crops in the EC, summer 
cover crops seem to have been ignored. Summer cover crops are grown during the 
summer and killed in autumn. While there may be a need to investigate biomass 
production from summer cover crops under the EC agro-ecological conditions, the 
best way of establishing these cover crops is not clear. Summer cover crops may have 
an advantage over winter cover crops, since irrigation costs may be minimal when 
cover crops are grown during the rainy season. There are several options of 
establishing summer cover crops. Relay intercropping into a summer crop may allow 
the cover crop to use most of the residual moisture after the rainy season. Snapp et al., 
(2002) in Malawi reported that farmers could relay intercrop Tephrosia vogelii into 
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maize without sacrificing maize grain yield. Relay intercropping maize with legume 
tree species has been promoted in agroforestry systems (Nair, 1993). It has been 
reported that Mucuna produced 2.6–7.9 t/ha of dry matter, accumulating 80–200 kg 
N/ha, and derived approximately 34–108 kg N/ha from the atmosphere (Kaizzi et al., 
2006). Strip-intercropping is another option that is known to reduce competition 
levels among the intercrop component species (Ghaffarzadeh et al., 1994). 
 
2.7 Relevance of cover crops in EC smallholder irrigations systems  
The Eastern Cape (EC) Province is a net importer of food. Low rainfall makes 
improved water infiltration and conservation one of the most decisive production 
factors. Optimising irrigation infrastructure is thus important for crop production in 
the EC. Backeberg et al. (1996) reported that there are about 9 460 ha under irrigation 
being farmed by about 7 365 small-scale farmers in the EC, were the main 
commodities produced are maize and vegetables. Production levels in small-scale 
irrigation schemes are very low due to many factors. In a recent study (Fanadzo et al., 
2010) it was revealed that low crop productivity from Zanyokwe Irrigation Scheme 
was explained by inadequate tillage services, lack of access to fertilisers, seed, 
chemicals and irrigation equipment. According to Bembridge (1996) yields of the 
staple crop, maize are often less than 2 t/ha on small-scale irrigation schemes. Land is 
usually not planted during the winter season. In a few cases, farmers in irrigation 
schemes may plant a winter crop such as cabbage.  
 
In 2002 the Department of Agriculture, in partnership with the University of Fort 
Hare (UFH) introduced the Massive Food Production Scheme in the EC. Methods that 
reduce the need for tilling, increase soil organic matter and improve rotations were 
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promoted. On-farm trials conducted on about 13 smallholder sites in the Eastern Cape 
by UFH faced numerous challenges (Derpsch, 2003). The main reasons for the failure 
of these trials were low biomass production from cover crops and serious weed 
problems. The low biomass production of cover crops may also be explained by the 
low inherent soil fertility status of nutrients such as N, P, K and Ca, low pH ranging 
from 4.3 – 5.2. This was the result of intensive cultivation without nutrient 
replenishment (Mandiringana et al., 2005). Low and erractic rainfall also explained 
the low biomass yields. Effective methods of weed control have to be found, 
presumably, high cover crop biomass yields may be able to effectively smoother 
weeds. This experience has however, highlighted the importance of mastering the 
technology on-station before embarking on on-farm trials (Derpsch, 2003). Suitable 
cover crop species must be sought for high biomass production and viable weed 
control (Steiner, 1998).  
 
Prioritisation of production challenges in the smallholder irrigation sector is critical 
when selecting an appropriate entry point for introducing CA, in particular cover 
crops. Ongoing work at Zanyokwe has shown that heavy weed pressure is a major 
constraint to high crop yields (Bembridge, 2000; Fanadzo, 2007). Use of winter cover 
crops has been identified as an avenue of introducing cover crops as land is usually 
not planted in winter on most smallholder irrigation farms. Reasons for not planting 
winter crops included lack of tillage services, lack of technical knowledge and labour 
shortages (Fanadzo et al., 2010). High biomass producing cover crops requiring little 
attention and fertilizer during their growth provide an opportunity to introduce CA 
without a major disruption of the farming system. High biomass yields are necessary 
to ensure success of no-till systems (Steiner, 1998).  
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Farmers in low external input production systems, such as those in South Africa’s 
smallholder irrigation schemes, will demand multiple benefits from cover crops. 
Reduction of land degradation may not necessarily be their overriding concern. The 
contribution of cover crop residues to overall crop productivity is of particular 
importance to these farmers. However, smallholder irrigation farmers maybe reluctant 
to plant any crop that will not yield a food, feed or cash harvest.  One alternative 
would be to graze these cover crops, leaving some residue on the surface and leaving 
roots in the soil - which would give a good part of the N benefit after a legume.  
 
 
2.8 Soil fertility improvement in CA 
Decline in soil organic matter when land is converted from forest or grassland to 
agriculture are rapid, with up to 50% of the SOM being lost within 10–15 years 
(Zingore et al., 2007). A common claim by the proponents of CA is that no-tillage 
with residue mulching will halt this decline and leads to accumulation of SOM. 
Although it is often difficult to separate the effects, it appears that reported increases 
in SOM are mainly due to increased biomass production and retention in CA systems 
rather than reduced or no-tillage. Under dryland conditions on the sandy soils of 
West-Africa, conversion to no-tillage will result in small increases in soil C contents 
(0.1–0.2 t/ha/year) (Farage et al., 2007). Chivenge et al. (2007) demonstrated that 
reduced tillage is only likely to have a strong positive effect on SOM in finer-textured 
soils. This is due to the lack of physical and structural protection of SOM in sandy 
soils, in which the organic matter contents depend strongly on amounts of crop 
residue added regularly to the soil. Thus the effect of not tilling the soil is likely to be 
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larger on heavier-textured soils that have a larger equilibrium content of soil organic 
matter for a given C input (Farage et al., 2007).  
 
Although reduced soil erosion under CA is likely to play a role in the long-term 
(Scopel et al., 2005), the body of evidence supports the conclusion that SOM content 
of any given soil is determined largely by the amounts of organic matter returned to 
the soil, independent of whether it is incorporated or used as a mulch. Thus, the 
corollary is whether SOM contents can be increased in tropical soils subject to 
conventional tillage. Comparison of changes in SOM with length of cultivation 
showed equilibrium soil C contents to be almost three times as large (34 t C/ha) on 
large commercial farms than on nearby smallholder farms in Zimbabwe (20 t C/ha) 
(Zingore et al., 2007). In both cases the soil was ploughed annually (by tractor on the 
large commercial farms and ox traction on the smallholder farms). The differences in 
SOM contents on this red clay soil were explained by the greater agricultural 
productivity (8 t ha-1 maize grain vs. 1 t ha-1) and because the crop residues were left 
in the fields on the commercial farms whereas they were grazed by livestock in the 
dry season on the smallholder farms. In general, availability of organic matter inputs 
is critical for productivity on farms in subhumid and semi-arid Africa; and fields that 
receive large inputs of organic matter in the form of crop residues, manure or compost 
(fields that are generally close to the homestead), are generally rich in C, while fields 
that receive no or little organic matter (the outfields further away from the homestead) 
have small soil C contents (Tittonell et al., 2005).  
 
In one of the few long-term studies on changes in soil quality under different tillage 
management treatments in Africa, Tittonell et al. (2005) reported soil C contents in 
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the 0–10 topsoil layer of fields cropped with maize in Nigeria showed a decrease in 
soil C in all treatments. The rate of decline was more with conventional tillage 
compared with the no-tillage treatment (0.86 g kg-1 year-1 comapared to 0.46 g kg-1 
year-1). However, such data must be interpreted with caution, since the lack of soil 
mixing under CA may lead to increased stratification with accumulation of SOM in 
the topsoil. Although stratification of SOM may lead to improved soil surface 
properties, and enhanced infiltration, it may lead to overestimation of the benefits of 
CA in increasing overall SOM contents.  
 
2.9 Application of fertilizers in CA systems 
Large amounts of cereal residues with a high C:N ratio that are left on the soil surface 
temporarily result in a net immobilization of mineral N in the soil, although it is 
expected that N immobilization will be less than when residues are incorporated 
(Abiven and Recous, 2007). Farmers without access to mineral fertilizer cannot 
compensate for such N deficiencies and will suffer yield reductions as a direct result. 
 
If soil N availability decreases under CA with a mulch of crop residues – and some 
studies indicate that this does not always occur (Abiven and Recous, 2007) – a larger 
amount of N fertilizer will be needed to achieve equivalent yields as compared 
without crop residues. The amount of fertilizer required will depend on the rates of 
crop residue added and their quality. If repeated additions of large amounts of crop 
residues lead to a greater soil C content in time this may lead to a greater net N 
mineralization once a new equilibrium is achieved (Erenstein, 2002). If residues are 
ploughed into the soil this happens more quickly. The length of time required to 
achieve net N mineralization depends on rates of residue addition, rates of N fertilizer 
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added and the environmental conditions – particularly on the length and ‘dryness’ of 
the dry season. Evidence from temperate North America (Erenstein, 2002) indicates 
cereal yields are larger under conventional than zero-tillage during the initial years 
with or without moderate rates of mineral N fertilizer, but larger yield responses under 
zero-tillage as N fertilizer rates increase. 
 
An attractive research topic around CA is to explore, across agroecological conditions 
of Africa, the existence of ‘cross-over points’ beyond which investments in N 
fertilizer to counteract N immobilization by crop residues becomes profitable. It is 
evident that strong interactions exist between the amounts and quality of the crop 
residues and the soil characteristics, which determine the degree of N immobilization 
due to the surface mulching and hence in turn the need for additional N fertilizer. This 
remains an open question, as there is insufficient evidence to conclude whether or not 
more fertilizer is needed with CA in smallholder farming, which will depend on the 
quality and quantity of the mulch applied in each case (Erenstein, 2002). 
 
2.10 Factors affecting amount and quality of biomass from cover crops 
2.10.1 Species 
Type of cover crop grown affects total biomass produced as well as C and N uptake. 
Grass cover crops do not add N to the system, but help conserve N through crop 
uptake and immobilization (Clark et al., 1994). It has been reported that N 
accumulated by rye in winter reduces N leaching losses. Legume cover crops, such as 
vetch, produce less biomass than cereal cover crops (Clark et al., 1994). It has also 
been observed that rye begins growth much earlier in spring than vetch thus producing 
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more biomass yields than hairy vetch even at an early kill date. Also vetch legume 
cover crops result in higher N concentrations compared to cereals (Clark et al., 1994). 
 
2.10.2 Climatic factors 
Temperature and rainfall can influence germination, growth and yield of cover crops. 
Sainju et al. (2005) attributed the lower biomass yield, C and N contents to reduced 
rainfall in rye in a particular growing season. Also in the same study, hairy vetch 
biomass yield, C and N contents were increased in years with higher temperatures, 
while low temperatures tended to reduce hairy vetch populations (Sainju et al., 2005). 
Cover crop species with low temperature hardiness may be required to produce a 
greater biomass in areas that experience low temperatures.  
 
2.10.3 Residual soil nitrogen 
Another factor that has been observed to increase biomass yields is residual soil 
nitrogen after a summer crop. It has been reported that rye (a grass) responds 
favourably to residual soil nitrogen by increasing biomass growth and N uptake 
(Sainju et al., 1998). In contrast, soil N availability does not seem to be a limiting 
factor for vetch biomass production, probably because hairy vetch fixes atmospheric 
nitrogen (Sainju et al., 2005). Clark et al. (1994) found that rye biomass growth and N 
uptake is influenced by residual N level, but hairy vetch biomass growth and N uptake 
become more competitive when residual N is low. 
 
2.10.4 Bi-culturing  
A bi-culture of a legume-cereal crop may enhance above and below ground biomass 
yields as well as C and N concentration. The increase in C and N supply to the soil 
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has the potential to improve soil quality and crop productivity compared with 
monoculture cover crop species (Sainju et al., 2005). Winter cover crops use soil 
residual N that may otherwise leach into groundwater after crop harvest, and 
depending on species, can sequester atmospheric C and/or N, thereby reducing the 
amounts of N required for the summer crop (Kuo et al., 1997). Legume cover crops 
may supply N to succeeding crops and increase crop yields compared with non-
legume crops (Clark et al., 1994). In contrast, non-legume cover crops are effective in 
increasing soil organic matter C through increased biomass production compared with 
legume cover crops. Non-legume cover crops may also reduce N leaching from the 
soil profile better than a legume (Sainju et al., 2000). A biculture would be ideal to 
supply both N and C to  improve soil quality and reduce N leaching.  
 
Transferred N from the legume to the cereal may increase biomass, C and N yields 
than monocultures (Ranells and Wagger, 1996). An upright growth habit of rye 
provide support for the viney growth habit of hairy vetch to grow upward, thereby 
intercepting a greater percentage of light (Clark et al., 1994; Ranells and Wagger, 
1996; Sainju et al., 2005). 
 
2.10.5 Cover crop seed rates 
It may be envisaged that determinate cover crops will respond more to seed rates as 
opposed to indeterminate cover crops. Rye seeding rates significantly affected dry 
matter yields while vetch-seeding rate did not (Clark et al., 1994). Also N 
concentration and N content were significantly affected by vetch seedling rate but 
were not affected by rye seeding rates (Clark et al., 1994). Higher seeding rates of 
legume and cereal in bi-culture than in monoculture result in increased biomass yields 
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(Sainju et al., 2005). Choosing the optimum seeding rate for vetch-rye mixtures 
requires a synthesis of cover crop and corn yields. Clark et al. (1994) recommended 
that cereals should be grown at 50 % of monoculture and legumes at 68 % of 
monoculture. 
 
2.11 Selecting a cover crop species  
There are various cover crop alternatives that can be used as vegetative cover, such as 
grain, legume, root and oil crops. All of them are of great benefit to the soil, however 
some cover crops have certain attributes, which need to be kept in mind when 
planning a rotation scheme. In order to be able to successfully integrate cover crops in 
the CA production system, it is crucial to select the plants that are adapted to the 
different soil and climatic conditions and that have growth characteristics that allow it 
to fit in the rotation scheme (Derpsch, 2005). For this, it is not only necessary to be 
conversant with the agronomic details of the species, but also all site specific 
conditions where they will be sown (soil and climate) (FAO, 2008a). The selection of 
cover crops can be affected by the following factors:  
1. the presence of high levels of lignin and phenolic acids, which give the 
residues a higher resistance to decomposition and thus results in soil protection 
for a longer period (FAO, 2008a),  
2. time of sowing. Many species show dormancy or photoperiodism. This means 
that the production of biomass depends on the period of the year in which the 
plant is sown. Seeding should be done in the proper season. In order not to 
jeopardize the following crops, a good planning of the cover crops is necessary 
(Derpsch, 2005),  
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3. proper spacing / density of the cover crop is important in order to create a 
rapid covering of the surface to protect the soil from rain and sun and to 
suppress the weeds (FAO, 2008a),  
4. seed quality: like in commercial crops, the seeds or planting material of cover 
crops need to be of high quality and free of pathogens to avoid failure through 
low quality seeds (FAO, 2006). 
 
Barley and crimson clover are common winter cover crops, however, they are not 
common cover crops in the EC. These crops are typically planted in winter and killed 
in the spring prior to planting a summer cash crop. Some of the winter cover crops 
species that have been successifully used in Latin American countries include; black 
oats (Avena strigosa), rye (Secale cereale L.), triticale (Tritico-cereale), oilseed radish 
(Raphanus sativus var. Oleiferus Metzg), white bitter lupins (Lupinus albus L.), 
vetches (Vicia sativa L.), hairy vetch (Vicia villosa Roth) and, chick peas (Lathyrus 
sativus L.) (FAO, 2006).  
 
Warm-season annual cover crops such as buckwheat, foxtail millet and sudangrass 
have been used in the summer to fill openings in crop rotation sequences. Living 
mulch systems involving chemically or mechanically suppressed cover crops have 
also been used successfully in vegetable and field crop systems through temporary 
suppression of the cover crop with herbicide or mowing. The most commonly used 
summer cover crops in Latin America are millets (Penisetum americanum L., 
Sorghum bicolor), sunnhemp (Crotalaria juncea L.), sunflower (Helianthus annuus 
L.) and, lab-lab (Dolichos lablab L.). Farmers and researchers have developed 
production systems where cover crops are established immediately after harvest of the 
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main crop. If cover crops die in the dry season it is not a problem as long as they have 
produced enough biomass (FAO, 2006). On smallholder irrigation schemes such as 
ZIS, the recommendation domain for this study, fencing prevents grazing in irrigated 
fields. 
 
2.12 Cover crop planting and termination   
Cover crops can be sown either using direct seeding or broadcast over the stubble of 
the last crop, possibly using a tree trunk, knife-roller, disc harrow used as roller with 
the discs set at a disc angle close to 0° or chains for putting the seeds into contact with 
the soil. Some species, like hairy vetch, have the ability to reseed themselves 
(Derpsch, 2005). Residues badly managed provoke unequal drying of the soil and a 
delay in the warming-up of the seedbed or uneven germination of the crop, interfere 
with sowing and fertilizing activities and hinder the emergence of seedlings. In 
conservation agriculture, residues should be manipulated from harvest onwards. It 
depends on the following cover crop whether or not the residues should be distributed 
equally over the field or left intact so climbing cover crops like mucuna can use the 
maize stalks for support (FAO, 2006). 
 
It is important to choose the precise moment at which the vegetative cover is 
controlled, because most of the species used can regenerate if their growth is 
interrupted prematurely. Alternatively, seeds of the cover crop can germinate if the 
plants are allowed to mature, as may happen with oats, rye, chickpea, vetches and 
forage radish (Derpsch, 2005).  
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The best moment to control the majority of cover crop species is at the full flowering 
stage when they have accumulated maximum biomass. In the case of legumes, the 
pods from the first flowering should be already formed but not yet mature. Vetches 
should have some mature pods. Oats and rye can be best managed at the milk stage 
(Derpsch, 2005). Both sunnhemp and pigeon pea need to be controlled before 
flowering due to excessive lignin accumulation in the stems. The best way to manage 
the biomass is by using a knife-roller, chain, sledge or herbicides. When the 
decomposition process has to start immediately in order to release the nutrients it is 
recommendable to slash or mow the cover crop (FAO, 2006). Millennium goal 
number 7 deals with promoting environmental sustainability and excessive herbicide 
usage is discouraged. While herbicide use is necessary to terminate the cover crop, 
some studies have shown that overall herbicide usage decreases over-time in CA 
systems. This is mainly through reducing the weed seed bank (Teasdale and Mohler, 
1993; Bilalis etal., 2003). 
 
In general, management of leguminous cover crops ten days before planting of maize 
gives the highest yield responses and prevents allelopathic effects. The maize yield on 
cover of grass species, like oats and Italian ryegrass, increases with an increase in the 
number of days between managing the cover crop and seeding the maize (Derpsch, 
2005). This is related to a reduction of nitrogen immobilization and allelopathic 
effects over time and different levels of lignin and hemicelluloses. In case of direct 
seeding over the cover crop it is recommended to seed 8-12 days after managing the 
cover crop while for cover crops with low to medium C/N ratio (12-22) and 12-20 
days for cover crops with high C/N ratio (>24) (FAO, 2006).  
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2.13 Conclusion 
 
The main reason for the failure of the preliminary trials was the low biomass 
produced by cover crops. Cover crops grown in the area were selected without clear 
objectives to be achieved. It was also uncertain which cover crop management 
practices may lead to improved biomass yields. Some of the knowledge gaps for CA 
success are listed below. 
1. The most appropriate winter cover crops species to grow which are fast 
growing and produce high biomass yields. 
2. Cover crop fertilization has been proposed to boost biomass yields however; 
the economic viability of investing in cover crop fertilization has not been 
tested.  
3. While there has been some experience with growing winter cover crops, it was 
still not clear if summer cover crops may be used to boost biomass yields and 
ultimately maize yields.  
4. Intercropping summer cover crops with maize seem to be a feasible option for 
introducing summer cover crops without major disruption to the farming 
systems prevailing in most smallholder irrigation schemes.  However, success 
of such a system has not been tested. 
5. The weed control and fertilizer efficacy of cover crops grown in the study area 
has not been quantified.  
6. Smallholder farmers may wish to grow cover crops with direct food and/or 
economic benefits. 
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3 COVER CROPPING AND FERTILIZER EFFECTS IN IRRIGATED 
MAIZE BASED SYSTEMS: I. BIOMASS ACCUMULATION, WEED 
DYNAMICS, CARBON AND NITROGEN UPTAKE BY WINTER COVER 
CROP SPECIES  
Abstract 
Production of large biomass quantities and weed suppression from cover crops have 
been major challenges affecting success and uptake of CA technologies by 
smallholder farmers. A field study was undertaken to evaluate biomass accumulation, 
C and N uptake by oats (Avena sativa), grazing vetch (Vicia dasycarpa), faba bean 
(Vicia faba) and lupin (Lupinus angustifolius) and their weed suppression efficacy in 
the 2007 and 2008 winter seasons. In 2008 faba bean was replaced with forage peas 
(Pisum sativum) because of seed unavailability. Cover crops were grown at two 
fertilizer levels: no fertilizer and fertilized, at 45 kg N/ha for oats and 10 kg P/ha for 
legume cover crops. Control plots were included where no cover crop was grown. 
This gave a 4 X 2 factorial experiment with control plots laid out in a randomised 
complete block design with three replications in the first season. After rolling and 
applying glyphosate to kill the cover crops, each plot was split and maize planted at 
two fertilizer levels (0 kg N /ha and 60 kg N /ha). After maize was harvested, cover 
crops were again grown in the same plots as in the first winter season. Measurements 
taken monthly during cover crop growth included cover crop and weed dry mass, C 
and N percent in cover crop biomass. Weeds were identified, grouped into species. 
Oats, grazing vetch and forage peas cover crops produced mean dry mass of 13873 
kg/ha, 8945.5 kg/ha and 11073 kg/ha, respectively while lupin had the lowest dry 
mass of 1226 kg/ha, averaged over the two seasons. Oats responded positively to 
fertilization while, other cover crops had little or no response at all. Oats and grazing 
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vetch also reduced weed density by 90 % and 80 % respectively while lupin only 
reduced weed density by 23 % compared with the control plots. Carbon and N uptake 
was 5891 kg C /ha and 254 kg N /ha for oats while it was 3741 kg C /ha and 346 kg N 
/ha for grazing vetch. The findings of this study suggest that appropriate cover crop 
species selection, mainly oats and grazing vetch, can lead to better dry matter 
accumulation and weed control. An application of 60 kg N /ha to maize, common in 
the smallholder irrigation schemes, may not leave enough residual fertility for 
improved cover crop growth, necessitating judicial fertilizer applications, especially in 
oats. Grazing vetch may be grown to maximize biomass yields with minimal fertilizer 
inputs.  
                                                                  
Keywords: Biomass yield, conservation agriculture, cover crops, weed dynamics. 
  
3.1 Introduction 
Prioritisation of production challenges in the smallholder irrigation sector is critical 
when selecting an appropriate entry point for introducing CA, in particular cover 
crops. Work at ZIS has documented a large negative impact of weeds on crop 
production (Fanadzo, 2007). Optimal weed control can therefore be a very important 
consideration when introducing cover crops for CA systems.  
 
Winter crops are not normally planted by most smallholder farmers in the EC. There 
is therefore s possibility of using the winter to grow cover crops. These cover crops 
are planted in autumn, grow in winter and killed in spring prior to planting a summer 
crop, usually maize, the staple crop. The low uptake and relative failure of CA in 
preliminary trials has been blamed on low biomass production and lack of competitive 
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ability of the growing cover crops against weeds. The low cover crop biomass has 
been explained by inappropriate cover crop species selection as well as poor soil 
fertility (Derpsch, 2003). Soils in the smallholder farms of the EC have low inherent 
fertility status of nutrients such as N, P and Ca as a result of intensive cultivation 
without nutrient replenishment (Mandiringana et al., 2005). While it is necessary to 
overcome challenges of selecting appropriate cover crop species for high biomass and 
weed suppression through species evaluations, it has also been suggested that 
fertilizing the cover crops may also be necessary to ensure high biomass yields 
(Derpsch, 2003). 
 
Weed control depends upon the ability of a cover crop to suppress weeds while 
actively growing and upon the residual effect of cover crop mulch after senescence 
(Bàrberi and Mazzoncini, 2001). While actively growing, cover crops suppress weeds 
by competing for the use of growth resources, such as light and nutrients. Weed 
suppression efficacy is also a function of rate of cover crop growth and canopy 
production (Liebman and Davis, 2000). Control of winter weeds by growing cover 
crops may reduce the impact of perennial weeds and may also benefit farmers in the 
EC who seldom plant winter cash crops such as cabbages.  
 
The effect of different cover crop species on winter weed species occurring in the 
smallholder irrigation sector has not been quantified in the EC. The removal of tillage 
eliminates an important method of weed control, but also alters the environment 
where weeds and herbicides interact. Systems with little or no tillage may increase the 
potential for the growth of certain weed species due to weed seed accumulation at or 
near the soil surface (Wruckle and Arnold, 1985). Changes in tillage have a 
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significant effect on weed control and the weed population (Bilalis et al., 2003). A 
switch from conventional to CA systems may alter the species composition, total 
amount and temporal pattern of emergence of weeds.  
  
While production of sufficient biomass is necessary for weed suppression, the quality 
of biomass is an important factor that affects soil fertility. The use of nitrogen-fixing 
legume cover crops in improving soil nitrogen status is widely acknowledged (Burity 
et al., 1989; Jeranyama et al., 2000; Gitari, et al., 2000; Kaizzi, et al., 2006). 
However, N-fixation may differ among species, with some cover crops being more 
efficient than others in different agro-ecologies (Nair, 1993). Plant biomass that is 
high in nutrients especially nitrogen and decomposes rapidly, is considered to be of 
high quality. The C/N ratio has been used to describe biomass quality, where a C/N 
ratio above 25:1 increases potential for N immobilisation in the soil (Nair, 1993; 
Sainju et al., 2005). The C/N ratio of a particular species is important as it may be 
used to predict nutrient contributions to a succeeding crop. 
 
The objectives of this study included: i) determining biomass production, C and N 
uptake of different winter cover crop species in the Eastern Cape Province of SA, ii) 
to determine effect of fertilization with N and P on cover crop biomass production, 
and iii) to evaluate the effect of actively growing cover crop species on winter weeds. 
It was hypothesised that fertilization of some cover crop species will lead to high 
biomass production, high C and N uptake and weed suppression. 
 
  40 
3.2 Materials and method 
The study was done at the University of Fort Hare Research Farm (32o46'S, 26o50'E). 
The study area has a warm-temperate climate, a mean altitude of about 535 meters 
above sea level (m.a.s.l), with a mean monthly temperature range from about 13oC to 
17oC during the winter growing season (May to October) and a 28-year mean rainfall 
of about 127.6 mm in the same period (Table 3.1). The coefficients of variation (CV) 
of the temperatures during the winter months when cover crops are grown are very 
low, less than 10 %, while monthly rainfall CVs show great variation (Table 3.1). The 
predominant soil here is alluvial and is classified as a Luvisol  in the FAO 
classification system. The soil type is sandy loam with 64.2 % sand, 16.0 % silt and 
19.8 % clay; pH 6.1, 0.35 g P/kg, 4.04 g K/kg, 4.25 g Ca/kg as soil chemical 
properties (Mandiringana et al., 2005).  
 
Table 3.1: Mean monthly temperatures, rainfall and irrigation at the University of 
Fort Hare Research Farm from May to September in the 2007 and 2008 seasons 
 Temperature (oC) Rainfall (mm) Irrigation (mm) 
 2007 2008 28 
year 
mean 
C.V 
(%) 
2007 2008 28 
year 
mean 
C.V 
(%) 
2007 2008 
May 16.4 16.9 16.7 6.2 45 8.8 21.4 84 40 - 
June 13.5 13 13.0 6.5 43.6 14.9 20.7 72 30 30 
July 12.2 13.8 12.9 8.1 16 2.5 17.2 65 20 40 
Aug 14.3 14.2 14.2 7.1 20.6 68.1 32.9 125 50 20 
Sep 17 15.5 16 5.6 5.1 5 35.4 109 40 50 
Oct 17.7 17.9 17.7 3.5 105.9 25.2 60.3 130 - 20 
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3.2.1 Treatments and experimental design 
In the winter of 2007, four cover crops, oats (Avena sativa cv. Sederbrg), grazing 
vetch (Vicia dasycarpa cv. Max), faba bean (Vicia faba cv. Icarus) and Lupin 
(Lupinus angustifolius cv. Tanjil), were planted on the 20th of May at two fertilizer 
levels, with and without fertilizer. Control plots with no cover crops but weeds were 
left to grow were included. This gave a 4 X 2 factorial plus control plots laid in a 
randomised complete block design with three replications. Fertilized oat plots had 45 
kg N /ha applied of which a third of the N was applied as a compound (2:3:4 (30)) at 
planting by banding. The remainder was applied as lime ammonium nitrate (LAN 28 
% N) at six weeks after planting. About 225 kg/ha of compound (2:3:4 (30)) was 
applied at planting to provide 15 kg N/ha while 107 kg/ha of LAN was appled as top 
dressing in oats to peovide the balance of 30 kg N/ha. At planting, fertiliser was 
banded in the trenches opened for seed. At top dressing, LAN was broadcast into oat 
plots. 
 
The 2:3:4 in the compound fertilizer represents the ratio of N:P:K in the elementary 
form and 30 refers to the total concentration (%) of nutrients in the compound 
fertilizer. Fertilized grazing vetch, faba bean, and lupins plots had 10 kg P /ha applied 
as a compound (2:3:4 (30)) at planting. The compound fertiliser also provided starter 
N to the legumes. All legume cover crop seed, including in the no fertilizer 
treatments, were inoculated with Rhizobium legunominosarium biovar viciae having  
5 x 108 rhizobial cells/g (Stimuplant CC, Zwavelpoort 0036, SA) at planting. Seeds 
were coated by mixing with slurry containing the inoculant, water and a sticker 
(methyl cellulose). After drying in a shade seeds were sown immediately in the field. 
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In the first winter of growing the cover crops, all the plots were ploughed and disked 
and the cover crops planted in small trenches, 25 cm apart and 2-3 cm deep, dug using 
hand hoes. All cover crops were grown at generally recommended seed rates of; 90 
kg/ha for oats, 35 kg/ha for grazing vetch, 90 kg/ha for faba bean, 80 kg/ha for lupin 
and 90 kg/ha for forage peas in 2008. The gross plot size was 17.0 m x 7.2 m in the 
first season. No weed or pest control was done during the growth of the cover crops. 
Supplementary overhead irrigation water was applied to all treatments as summarized 
in Table 3.1, based on Class A evaporation pan readings. All plots received similar 
amounts of irrigation. 
 
On the 8th October 2007, all cover crops were killed by rolling them and applying 
glyphosate (360g/L) at a rate of 5 L/ha immediately, this was done to allow 
glyphosate to reach any weeds growing in the understory. At this stage cover crops 
had reached the flowering stage or just starting the grain filling period and no grain 
yield was harvested from the cover crops. All plots, including control plots, were then 
split (gross plot size: 8.0 m x 7.2 m) and maize planted at two fertilizer levels (0 N 
kg/ha and 60 N kg/ha) on the 14th December 2007. In the maize study, a third of the N 
was applied as a compound (2:3:4 (30)) at planting. The compound also provided 30 
kg P/ha as well as 40 kg K/ha. Maize was planted at 41 000 plants/ha using jab 
planters (Farmarama, East London, SA) and no tillage was done. Row specing was 
0.9 m X 0.27m. 
 
Subsequent to maize harvesting, maize stalks were rolled, glyphosate applied as for 
the previous cover crops and cover crops were planted as in the first season, without 
ploughing on the 20th of June in 2008. This was done by removing the mulch and 
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replacing it after planting. In 2008, faba bean was replaced with forage peas (Pisum 
sativum  cv. Maple) because of seed unavailability. Fertilizer was applied as in the 
first season and, this gave four fertilizer regimes; R1, R2, R3 and R4 as summarized 
in Table 3.2. The R1 treatments where fertilized in both winter and summer seasons, 
while the R2 treatments were only fertilized for winter cover crops with no 
fertilization in the subsequent maize. The R3 treatment, where only the summer maize 
crop was fertilized with no fertilization on the follow up cover crop, allowed 
determination of any residual fertility effects on cover crop growth. There were thus, 
two factors in the second winter experiment; cover crop species and fertilizer regime 
giving a 4 X 4 factorial plus control plots laid out as a randomised complete block 
design with three replications. The second winter experiment was terminated on the 
21st October 2008. A total of about 160 mm water was applied to all plots based on 
Class A evaporation pan readings as supplementary irrigation in the second season as 
summarized in Table 3.1. 
 
Table 3.2: Summary of the fertilizer applications on the plots during the course of the 
experiment (fertilized, +; not fertilized, -) 
Fertilizer 
regime 
Winter 2007 
fertilization 
Summer 
2007/08 
fertilization 
Winter 2008 
fertilization 
Summer 
2008/09 
fertilization 
R1 + + + + 
R2 + - + - 
R3 - + - + 
R4 - - - - 
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3.2.2 Measurements  
Two quadrats, measuring 35 cm x 35 cm, were randomly placed in each plot and 
plants were destructively sampled by cutting them at the soil surface for determination 
of shoot cover crop and weed dry mass. Samples were randomly taken from plots on 9 
July, 11 August, and 22 September 2007 in the first season and on 22 August, 26 
September and 21 October 2008 in the second season. This corresponded to 40 days 
after sowing (DAS), 83 DAS and 125 DAS in the first season and 63 DAS, 78 DAS 
and 123 DAS in the second season respectively. Weeds and cover crops were 
separated and oven dried to a constant mass at 65oC and dry mass determined. A 
series of measurements were made on a few samples to determine wether they had 
dried and constant mass attained.  On the last sampling date in both seasons, weeds 
were identified, grouped into species and dry mass determined for each species. Cover 
crop and weed samples were ground to pass through a 1 mm sieve and C and N 
content (%) for both cover crops and weeds were determined using the automated C/N 
LECO analyser (2007 only). Percentage of symbiotically fixed N was estimated for 
grazing vetch by the total N difference method with N uptake from oat plots being 
used as reference biomass (Giller, 2001; Anthofer and Kroschel, 2005): 
NdA (%) =  (TNfix – TNref)/TNfix * 100        
Where NdA is N derived from atmosphere; TNfix and TNref are total N accumulation 
by N2 fixing and reference plants, respectively. Atmospheric N2 fixation was 
determined at termination of the N2 fixing cover crops.  
 
3.2.3 Data analyses 
Data were analysed as a factorial using analysis of variance (ANOVA). Common 
treatments between seasons were used to allow an across season analysis. Where 
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appropriate, an extra factor (cover cropping) was included while cover crop species x 
fertilization were nested within cover cropping to include analysis of controls in the 
ANOVA (Cochran and Cox, 1957). Since tables of means have unequal replication, 
because of the inclusion of controls in the ANOVA, this gave rise to three standard 
errors of difference for each table: i) to compare a pair of means each with the 
minimum replication of those in the table, ii) to compare a mean with minimum 
replication with one with maximum replication, and, iii) to compare pair of means 
each with the maximum replication. Genstat Statistical package release 7.1 was used 
for the analysis. Regression analyses were done to determine the relationship between 
cover crop dry masss with time or weed dry masss. To determine differences in cover 
crop growth rates, methods described by Gomez and Gomez (1984) were used to test 
homogeneity of the regression coefficients for plots of dry mass accumulation against 
time.  Means and least significant differences (LSD) are shown. Unless otherwise 
stated, differences referred to in the text are significant at P < 0.05. This Chapter 
reports on growth and nutrient uptake by cover crops as well as the weed dynamics 
during the winter seasons only. Results on the effects of cover crop mulches on maize 
productivity are reported in Chapter 4.  
 
3.3 Results 
 
3.3.1 Temperature and rainfall  
The temperature during cover crop growth in the two seasons was almost similar with 
very little variation (Table 3.1). These temperatures are comparable to the long-term 
28-year mean temperatures. In 2007 cover crops received a total of 310 mm from rain 
and irrigation during their growth while in 2008 they received 260 mm (Table 3.1). 
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3.3.2 Cover crop dry mass 
Seasonal effects were not significant with respect to final dry mass, while cover crop 
species effects were significant (P < 0.01). The cover crop species x fertilizer 
interaction was significant (P < 0.01) (Figure 3.1). Fertilizing oats and forage peas 
increased dry masss compared to grazing vetch, faba beans and lupins (Figure 3.1). 
 
There were significant (P < 0.01) differences in the slopes for the plots of dry mass of 
cover crops against time (Fig 3.2). The slope, as shown by the regression coefficients, 
represents the mean crop growth rate (CGR) (Fageria et al., 2006). Oats and grazing 
vetch had significantly (P < 0.05) higher CGR compared to faba bean, and lupin. Data 
were combined for fertilized and unfertilized cover crops as there were no differences 
in the regression coefficients due to fertilization for the respective cover crops. No 
significant residual fertility effects were observed on cover crop growth in 2008 (data 
not shown). 
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Figure 3.1: Final dry masss from different cover crop species, means averaged for the 
2007 and 2008 winter seasons. Error bar represents LSD (0.05). 
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A y = 179.35x - 7919, R2 = 0.9695, P < 0.01 (Oats)
y = 111.57x - 4738.1, R2 = 0.9565, P < 0.01 (Grazing vetch)
y = 56.616x - 2186.5, R2 = 0.9599, P < 0.01 (Faba bean)
y = 13.788x - 458.1, R2 = 0.6914, P < 0.01 (Lupin)
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Figure 3.2: Dry mass accumulation over time by different cover crops in the 2007 (A) 
and 2008 (B) winter seasons 
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3.3.3 C and N uptake by cover crops  
Grazing vetch had significantly (P < 0.05) lower C concentration (30.8 %) than oats, 
faba bean and lupin which had C concentrations of 39.2 %, 40.9 % and 40.8 %, 
respectively at 50 days after sowing (DAS) (Figure 3.3). However, at the other 
sampling dates, cover crops species had no significant effects on C concentration, 
which averaged 38.9 % and 40.6 % at 83 and 125 DAS, respectively, across cover 
crops (Figure 3.3). Fertilization did not significantly affect C and N concentration at 
all the sampling periods. While oats initially had significantly greater N concentration 
at 50 DAS, it had the lowest N concentration at 125 DAS (Figure 3.4). 
 
Cover crop species significantly (P < 0.01) affected the C/N ratio at 50, 83 and 125 
days (P < 0.01; P < 0.05; P < 0.001, respectively) after planting (Figure 3.5). 
Fertilization had no effect on C/N ratio at all the sampling times and, the interaction 
between cover crop species and fertilization was not significant. At 50 DAS, oats and 
grazing vetch had the lowest C/N ratio. However, the C/N ratio of oats increased 
significantly (P < 0.01) as the plants grew older while the C/N ratio of grazing vetch 
only increased marginally (Figure 3.5). 
 
Cover crop species was the only factor to significantly (P < 0.01) affect C uptake. By 
inspecting the slope of C uptake against time (Figure 3.6), C accumulation was faster 
with oats and grazing vetch and lowest with lupin. Final carbon uptake was greatest in 
oats compared to the legume cover crops (Figure 3.6). Cover crop species 
significantly (P < 0.01) affected total N uptake at all the sampling times. Grazing 
vetch had the highest N uptake despite having lower biomass than oats, while lupin 
accumulated the least N compared with other cover crops (Figure 3.7).  
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Grazing vetch symbiotically fixed a mean of 111.5 kg N /ha, with values ranging from 
67.1 to 229.2 kg N/ha. On average, 29.8 % of the assimilated N was derived from the 
atmosphere (Table 3.3). Fertilization with P did not significantly affect N fixation in 
grazing vetch.  It was not possible to estimate N fixed from faba bean and lupin 
because of the much lower biomass and N uptake by the two cover crops compared to 
the reference crop, oats. 
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Figure 3.3: Percent carbon over time in cover crops in the 2007 winter season. Error 
bars represent LSD (0.05) 
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Figure 3.4: Percent nitrogen over time in cover crops in the 2007 winter season. Error 
bars represent LSD (0.05) 
 
0
5
10
15
20
25
30
35
40 50 60 70 80 90 100 110 120 130
Days after sowing
C
/N
 ra
tio
Oats
Grazing vetch
Faba bean
Lupin
 
  
Figure 3.5: Changes in C/N ratio over time for the different cover crop species in the 
2007 winter season. Error bars represent LSD (0.05) 
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Figure 3.6: Changes in carbon content over time for the different cover crop species 
in the 2007 winter season. Error bars represent LSD (0.05) 
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Figure 3.7: Changes in nitrogen content over time for the different cover crop species 
in the 2007 winter season. Error bars represent LSD (0.05) 
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Table 3.3: Estimates of N fixed by grazing vetch in the 2007 winter season 
 Fertilized  Unfertilized LSD (0.05) 
Mean N fixed (kg N/ha) 125.1 97.9 37.4 
Percent N fixed in biomass 
(NdA) 
32.5 27.1 5.8 
 
3.3.4 Weed dry mass 
Season and cover crop species significantly (P < 0.01) affected final weed dry masss. 
Lower weed dry mass was recorded on oat and grazing vetch plots, than in faba bean, 
lupin and control plots (Table 3.4). In 2008, a similar trend as in 2007 was observed. 
However, the second winter season had significantly lower (P < 0.05) lower weed dry 
mass compared to the first season (Table 3.4). Fertilization had no (P > 0.05) effect on 
weed dry masss. There was a significant (P < 0.01) relationship between cover crop 
dry mass and weed dry mass for the two seasons. A general decline in weed dry mass 
as cover crop dry mass increased, irrespective of cover crop species was observed 
(Figure 3.8).   
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Figure 3.8: The relationship between cover crop dry mass and weed dry mass in the 
2007 and 2008 seasons  
 
Table 3.4: Effect of different cover crop species on final weed dry mass (kg/ha) in the 
2007 and 2008 winter seasons. 
 Oats Grazing 
vetch 
Broad beans/ 
Forage peas 
Lupin Control  
2007 season 955 1404 4848 5432 7401 
2008 season 376 1010 2588 3309 5013 
LSD a (0.05)   1976.2   
LSD b (0.05)   1711.4   
LSD c (0.05)   1397.4   
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
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LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
3.3.5 Carbon  and nitrogen uptake by weeds 
Cover crop species and fertilization together did not significantly affect C and N 
percent as well as the C/N ratio in weeds. The mean C and N percent in weeds was 
39.7 % and 2.6 % respectively with a C/N ratio of 15.5 (Table 3.5). However, oats 
and grazing vetch significantly (P < 0.001) restricted C and N uptake by weeds 
compared to faba beans and lupins (Table 3.5). 
 
Table 3.5: Nutrient uptake by weeds in plots with different cover crop species in the 
2007 winter season 
 Oats Grazing 
vetch 
Faba 
bean 
Lupin Control LSD a 
(0.05) 
LSD b 
(0.05) 
        
% C  39.37 39.87 40.18 39.33 39.78 2.05 1.67 
% N 2.662 2.66 2.629 2.603 2.308 0.72 0.59 
C:N ratio 15.61 15.63 15.35 15.37 17.45 4.75 3.88 
Total C 
(kg/ha) 
18.6 48.5 208.3 226.4 348 68.40 55.85 
Total N 
(kg/ha) 
1.29 3.77 13.51 14.72 20.86 5.06 4.13 
LSDa = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
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LSDb = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
3.3.6 Weed species diversity  
Season and cover crop species significantly affected number of weed species 
occurring in the plots. Oat and grazing vetch plots had significantly (P < 0.01) fewer 
weed species than the broadbean, forage pea and lupin plots, while the second winter 
season also had fewer weed species compared to the first season (Table 3.6). 
 
The major weeds species in the plots were Bromus cartharticus and Capsella bursa-
pastoris. The oat and grazing vetch plots had significantly (P < 0.01) less amounts of 
both Bromus cartharticus and Capsella bursa-pastoris compared to the faba bean 
plots and lupin plots (Figure 3.9). The oat and grazing vetch plots also had 
significantly less weed biomass compared with the other plots (Figure 3.9). There was 
a general decrease in weed species diversity and dry mass between the first and 
second winter season (Figure 3.9). Some of the more prevalent broadleaf weed 
species included: Chenopodium album, Malva parviflora and Stellaria media. 
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Table 3.6: Effect of different cover crops on number of weed species in the 2007 and 
2008 winter seasons 
 
 Oats Grazing 
vetch 
Broad beans/ 
forage peas 
Lupin Control  
2007 season 2.8 3.0 4.7 4.2 5.7 
2008 season 1.1     1.0     2.2     3.0 3.3 
LSDa    1.38   
LSDb   1.26   
LSDc   1.15   
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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Figure 3.9: Relative proportion of different weed species in cover crop plots in the 
2007 and 2008 seasons 
 
 
3.4 Discussion 
Cover crops responded to fertilization, except grazing vetch (Figure 3.1). There was a 
5.8 % and 46.4 % increase in dry mass in oats attributable to fertilization, in the first 
and second seasons, respectively. When comparing unfertilized oat plots between the 
two seasons, there was a 26.3 % decrease in dry mass from the first season to the 
second season. Lower rainfall and irrigation in the second season and delayed sowing 
date may explain this. Fourie et al. (2001) showed that seeding date and amount of 
rainfall had a significant effect on amount of dry mass produced by cover crops. An 
application of 60 N kg/ha to summer maize without fertilizing the follow-up oat cover 
crop did not improve oat biomass. This practice is common in smallholder irrigation 
schemes and, it may not leave enough residual fertility for improved oat growth, 
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necessitating the need for judicial fertilizer applications. For oats to be used 
sustainably as a cover crop, fertilization may be necessary. 
 
On the other hand, grazing vetch may require less fertilizers, presumably because it is 
able to fix nitrogen. Grazing vetch symbiotically fixed an average of 111.5 kg N /ha 
or 29.8 % NdA with oats as the reference crop (Table 3.3). Other studies estimated N 
fixation rates in grazing vetch, with oats as reference crop, ranging from 42-95 % 
NdA (Monsen, et al., 2005), 70 to 98% NdA (Monsen and Shennan, 2006) and 78-82 
% NdA or 131-163 kg N/ha (Haque and Lupwayi, 2000). Site specific factors such as 
soil fertility, differences in growth rates and N uptake of reference crops across sites 
may explain the differences.  This may also be compounded by methodological 
factors as accurate estimations using this method requires the legume and reference 
crops to absorb similar amounts of nitrogen from the soil (Hardarson and Danso, 
1993). 
 
The biomass yields obtained from lupins may be too low to sustain any meaningful 
CA technology in the study area. Steiner, (1998) reported that a permanent soil cover 
is critical for the success of no-tillage systems, with Derpsch (2005) stating that 
farmers in Brazil aim to achieve biomass yields of between 6 – 10 t/ha to ensure 
success of CA systems. Derpsch, (2005) argued that these biomass amounts are 
necessary not only for weed suppression, but also for reducing soil erosion prevalent 
in no-till systems without soil cover. Oats, grazing vetch and forage peas produced 
mean biomass yields of 13873 kg/ha, 8945.5 kg/ha and 11073 kg/ha, respectively. 
The biomass yields from these cover crops may be high enough for CA and may also 
result in other secondary benefits, besides just weed control. 
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The lupin used in this study was a ‘narrow leaf lupin’ Lupinus angustifolius. There 
may be a need to try other lupin types such as the ‘sweet white lupin’ (Lupinus albus) 
and the ‘sweet yellow lupin’ (Lupinus luteus). Fourie et al. (2001) reported that 
climatic conditions, temperature and rainfall, play an important role in the amount of 
dry matter produced and weed control efficacy of cover crops in the south-western 
parts of South Africa. The winter months in the study area are usually dry, making 
irrigation a necessity for winter cover crop production.  
 
Effective weed suppression is one of the major requirements of a cover crop in the 
study area. There are various ways in which cover crops can smother weeds during 
growth. These ways may be high growth rates and high biomass production, thus out 
competing weeds for resources or allelopathy. The allelopathic effects of oats are 
widely acknowledged (Fujii, 2001; Sanchez-Moreiras et al., 2004). Oats and grazing 
vetch accumulated dry mass faster than any of other cover crops (Figure 3.2). This 
makes oats and grazing vetch effective cover crops for control of weeds. This agrees 
with work done in the USA that recommends oats and grazing vetch for weed control 
(SAN, 2007). In this study, there was a significant inverse relationship between 
amount of cover crop dry mass and weed dry mass, irrespective of cover crop species 
in the first season (Figure 3.8). About 69 % of the variation in weed dry mass was 
explained by amount of cover crop dry mass. This suggests that, with respect to weed 
growth, amount of cover crop dry mass was important in determining weed 
suppression. Teasdale (1996) also reported that weed control improved with increased 
cover crop biomass production. However, in the second season, despite the higher 
forage pea dry mass than grazing vetch, it had higher weed biomass. This may be 
explained by the initial slower dry mass accumulation of forage peas than grazing 
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vetch (Figure 3.2), and its upright growth habit allowing more light to reach the soil 
surface, leading to greater initial weed growth. Grazing vetch also has a creeping 
growth habit, which ensures a quick ground cover thereby curtailing off light supply 
to weeds that may grow (Lu et al., 2000). 
 
One practical implication of the superiority of oats and grazing vetch with respect to 
weed control, is that they may be more suitable when introducing CA systems where 
weeds are a major problem, while forage peas may also be an option in the later 
cycles of growing cover crops.  This is because weed dry mass drops from the 
initiation of CA onwards, as observed in this study and elsewhere (Bàrberi, and 
Mazzoncini, 2001). It has also been observed that to restrict the build-up of pests and 
soil-borne diseases cover crops must be rotated (Fourie et al., 2001). It is, therefore, 
important to have a variety of species for cover cropping. While oats and grazing 
vetch maybe used in the initial stages of introducing CA, as weed densities decrease 
because of CA, forage peas may be a viable alternative in the rotation of cover crops 
because of its high biomass production. 
 
The major weeds species in the plots were Bromus cartharticus and Capsella bursa-
pastoris (Figure 3.9). Other broadleaf weed species were also observed. However, 
species diversity was reduced in oats and grazing vetch, implying species-specific 
weed control by these cover crops. Oats and grazing vetch effectively out-competed 
most of the minor broadleaf weeds such as Ciclospermum leptophyllum, Sonchus 
oleraceus, Lepudium bonariense, Taraxacum officinale, Lepudium bonariense, Oxalis 
latifolia, Galinsoga parviflora, Lepudium bonariense and Sisymbrium capense. That 
cover crop species are able to selectively suppress some weed species more than 
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others has also been reported elsewhere (Carson and Peterson, 1990; Teasdale, 1996). 
Weed density was reduced by about 90 % in oat plots compared with fallow plots. 
Oats were able to effectively out-compete weeds but complete control was not 
possible. In the second season, fewer weed species were observed compared with the 
first season, probably because of the maize residues averaging 8 t/ha which were left 
on the ground. The weed spectrum observed at UFH is similar to the weed spectrum 
at ZIS.  
 
The N concentration of cover crops generally decreased as they matured (Figure 3.4). 
This is explained by increases in the observed C concentration (Figure 3.3), resulting 
in a general increase of the C/N ratio as cover crops matured (Figure 3.5). This may 
suggest that cover crop kill dates are critical as they affect the C/N ratio, especially in 
oats where C/N ratios are known to exceed 35 (Baggs et al., 2000). Plant residues 
with a C/N ratio exceeding 25:1 are not easily broken down by soil microbes and may 
result in immobilisation (Clark et al., 1994). At 125 days after sowing, oats had a C/N 
ratio of about 23.5 while grazing vetch had a C/N ratio of only 11.1.  To a lesser 
extent, factors such as soil fertility status, irrigation and climate may also affect the 
growth of crops and the C/N ratio, besides the cover crops species (Sarrantonio and 
Gallandt, 2003). The C/N ratio results suggest that oats may persist as mulch and 
smother weeds for a longer period in a succeeding crop, while grazing vetch may 
contribute N to a succeeding through faster decomposition. Growing a mixture of oats 
and grazing vetch may combine the benefits of these two crops (Clark et al., 1994). 
Total N uptake was highest in grazing vetch (345 kg/ha) followed by oats (253 kg/ha). 
The superiority of grazing vetch over oats with respect to N uptake, despite lower 
biomass yields may be explained by the ability of the former to fix nitrogen from the 
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atmosphere. Farmers who cannot afford to fertilize maize will not be able to fertilize 
cover crops. Cereal cover crops, such as oats, require a lot of fertilizer to improve 
biomass yields substantially. These cover crops may not be an option for these 
farmers. On the other hand unfertilized legume cover crops, such as grazing vetch, 
produced as much biomass yield as the fertilized grazing vetch. Legume cover crops, 
such as grazing vetch, may be grown to maximize biomass yields with minimal 
fertilizer inputs by resource-poor farmers. 
 
3.5 Conclusions 
Oats, grazing vetch and forage peas produce high biomass yields compared to lupins 
and faba beans. Oats respond to fertilization while grazing vetch does not. Oats and 
grazing vetch are able to effectively smother weeds during their growth and reduce 
weed species diversity. Grazing vetch is capable of fixing over 100 kg N/ha from the 
atmosphere. An application of 60 kg N/ha to maize, a practice common in the 
smallholder irrigation schemes, does not leave enough residual fertility for improved 
oat growth. Grazing vetch, with a lower C:N ratio than oats may be expected to 
decompose much faster than oats. Smallholder farmers may benefit from legumes 
such as grazing vetch and forage peas since they maximise biomass yields with 
minimal fertilizer inputs. An analysis of maize yields and nutrient uptake as affected 
by the different cover crop residues is essential.  
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4 COVER CROPPING AND FERTILIZER EFFECTS IN IRRIGATED 
MAIZE-BASED SYSTEMS: II. MULCH EFFECTS ON SOIL MOISTURE 
AND NITROGEN, WEED DYNAMICS AND MAIZE PRODUCTIVITY 
 
Abstract 
Low soil fertility limit maize productivity and reduce water use efficiency on 
smallholder irrigation schemes in what is largely a water strained agro-ecology in 
South Africa. While cover cropping can increase maize productivity, benefits of 
different types of mulch are not well understood, leading to challenges in selecting the 
most appropriate cover crop species to grow in the Eastern Cape Province (EC) of 
South Africa (SA). Field experiments investigating the effects of oat (Avena sativa), 
grazing vetch (Vicia dasycarpa), faba bean (Vicia faba), Lupin (Lupinus 
angustifolius) and forage pea (Pisum sativum) residues on maize grown at two 
fertilizer levels (0 and 60 kg N/ha) were undertaken in EC Province of South Africa in 
the 2007/08 and 2008/09 seasons. Treatments were arranged in a randomised 
complete block design with three replications. Control plots with weed residues were 
included. Soil temperature, soil moisture, inorganic N at planting, weed dry mass, 
maize dry mass, maize yield and yield components were measured. Oat, grazing vetch 
and forage pea residues reduced noon soil temperatures at 0-5 cm soil depth by about 
5oC, which did not affect final emergence. Grazing vetch and forage pea residues 
significantly (P < 0.01) improved soil inorganic N at 0-5 cm soil depth, with a mean 
of 84 mg N/kg compared to a mean of 64 mg N/kg in other treatments at planting. Oat 
and grazing vetch residues significantly (P < 0.05) reduced weed dry mass and weed 
species diversity compared to plots with lupin residues and the control. Lack of maize 
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fertilization tended to reduce maize yields but not for maize grown on grazing vetch 
residues which yielded 7 477 kg/ha. From an economic perspective, grazing vetch 
resulted in the highest returns with a benefit to cost (B:C) ratio of  1.9 for the 
treatment with no fertilizer inputs during cover crop growth and maize growth. 
Grazing vetch is, therefore, a particularly attractive cover crop for soil fertility 
improvement for smallholder farmers in irrigation schemes in the Eeastern Cape. 
  
Keywords: B:C ratios, cover crop residues, maize, weeds, yield components. 
 
4.1 Introduction 
Changes in tillage have a significant effect on weed control and weed population 
(Teasdale and Mohler 1993; Bilalis et al., 2003). Removal of tillage in CA, an 
important method of weed control, alters the environment where weeds grow. It may 
alter the species composition, total amount and temporal pattern of emergence of 
weeds. However, selection of cover crops species to grow should be informed by the 
benefits to be achieved, since different cover crops can be used for different purposes. 
 
Slow decomposing residues, usually cereals, with a high C/N ratio, can smother 
weeds for a longer period. However, slowly decomposing cover crops may not 
provide nutrients to the follow-up crop (Clark et al., 1994; Sainju et al., 2005). In 
cases where weeds and fertility are major concerns, this presents challenges as to the 
most appropriate cover crop species for mulching. Some winter cover crops have been 
reported to have weed suppression and N-cycling efficiency and, these include: 
grazing vetch (Vicia darsycarpa) and hairy vetch (Vicia villosa) (Teasdale and 
Mohler, 1993; Clark, et al., 1994; SAN, 2007).  
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Effects of different cover crop mulches on weed species occurring in the smallholder 
irrigation sector has not been quantified in the Eastern Cape. While weed control is of 
outmost importance, some cover crops may have secondary benefits. The 
improvement of soil nitrogen status by legume cover crops is widely acknowledged 
(Burity et al., 1989; Jeranyama et al., 2000; Gitari et al., 2000; Kaizzi et al., 2006). 
The bulk of the smallholder farmers lack access to credit, rendering inorganic 
fertilizers unaffordable, resulting in most farmers applying only about 60 kg N/ha in a 
maize crop (Fanadzo, 2007). Jeranyama et al. (2000) showed that maize growing on 
legume mulches requires small additional amounts of inorganic fertilizers.  
 
Soil moisture is still a challenge on smallholder irrigation schemes in the EC, due to a 
critical lack of irrigation equipment and/or the financial resources to acquire and 
maintain the equipment. Maize grown on these farms may benefit from water 
conservation by mulch. With farmers sharing few irrigation equipment, a farmer takes 
much longer time to irrigate his/her field again. This coupled with the low and erratic 
rainfall pattern may negatively impact on maize yield during the peak water 
requirement periods such as flowering. Cover crop residues have been shown to 
conserve soil water by reducing temperature at the soil surface (Teasdale and Mohler, 
1993). Improved soil water storage is also the result of restricted runoff, greater 
infiltration and less consumption from smothered weeds (Berry et al., 1987; Munawar 
et al., 1990).  
 
The objective of this study was to determine the effect of different cover crop mulches 
and fertilization on maize productivity, weed dynamics and soil fertility in irrigated 
cropping systems in the Eastern Cape Province of South Africa. It was hypothesised 
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that cover crop mulches result in water conservation, improved weed control, soil 
fertility and ultimately maize yields. 
  
4.2 Materials and Methods 
This experiment followed the winter cover crop studies described in Section 3.2. 
Temperature and rainfall parameters during maize growth are summarized in Table 
4.1. Soil description is as in Section 3.2.  
 
4.2.1 Treatments and experimental design 
Winter cover crops were managed as in Section 3.2. After reaching the flowering 
stage, all cover crops were killed by rolling them and applying glyphosate (360g/L) at 
a rate of 5 L/ha on the 8th October 2007. All plots, were then split (gross plot size: 8 m 
X 7.2 m, with 9 maize rows) and maize (cv. PAN 6479) planted at two fertilizer levels 
(0 N kg/ha and 60 N kg/ha) on the 14th December 2007, a third of the N was applied 
at planting as 2:3:4 (30) and the rest as LAN at 6 weeks after planting by banding. 
About 300 kg/ha of compound (2:3:4 (30)) was applied at planting to provide 20 kg 
N/ha. The 2:3:4 in the compound fertilizer represents the ratio of N:P:K and 30 refers 
to the total concentration (%) of nutrients in the compound fertilizer. Fertilizer rates 
mimicked farmer practice. This therefore, resulted in 30 kg P/ha and 40 kg K/ha being 
applied at planting. The splitting of the winter plots and application of two fertilizer 
levels gave rise to four fertilizer regimes as summarised in Table 3.2. The R1 
treatments were fertilized in both winter and summer seasons, while the R2 treatments 
were only fertilized for winter cover crops with no fertilization in the subsequent 
maize. The R3 treatment, where only the summer maize crop was fertilized with no 
fertilization on the follow up cover crop, allowed observation of any residual fertility 
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effects on cover crop growth. There were thus, two factors in the summer maize 
study; type of cover crop residue and fertilizer regimes giving a 4 x 4 factorial plus 
control plots laid out as a randomised complete block design with three replications. 
 
Maize was planted using matraca planters (Farmarama, East London, SA) and no 
tillage was done. The matraca planters dropped 2-3 seeds which were later thinned to 
one per planting station. The matracas were also calibrated to drop the required 
fertilizer about 4 cm from the maize seeds in fertilized plots. Maize seed and fertilizer 
were dropped at a depth of 4-5 cm and covered. Inter-row spacing was 90 cm while 
the in-row spacing was 27 cm. Supplementary irrigation for the maize crop was based 
on Class A evaporation pan readings and, amounts of irrigation applied are 
summarized in Table 4.1. No weed control was done in the 2007/08 season while 
basagran (a.i: thiadiazine 480g/L) was applied at 5 L/ha at six weeks after planting to 
control weeds in all plots. Control of maize stalk borer (Busseola fusca) was done by 
applying bulldock (a.i: beta-cyfluthrin 50 g/L) in all plots. 
 
Subsequent to maize harvesting, maize stalks were rolled, glyphosate applied at 5 
L/ha and cover crops were planted as in the first season, without ploughing. Only 
small trenches 2-3 cm deep were opened up using hand hoes. Fertilizer was applied as 
in the first season. Cover crops in the second season were terminated on the 21st 
October 2008 and maize was then planted on the 3rd of December 2008 and managed 
the same way as the previous season. 
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4.2.2 Measurements 
Two plants per plot from rows 2, 7 and 8 were sampled destructively by cutting at 
their base near the soil surface at monthly intervals. Maize shoot dry mass were 
measured by oven drying to a constant mass at 65oC. Maize plant heights were taken 
at harvest, yield (kg/ha) and yield components (grains/cob and one thousand seed 
mass) were also measured. At harvesting, the net plot (1.8 m x 6 m, from rows 4 and 
5) was used for measuring maize yield. . A length of 0.6 m was discarded on each side 
of rows 4 and 5 to remove end row effects. Grain moisture was corrected to 12.5 % 
moisture content using the following formula (Beuerlein, 2009): 
(100-wet)/(100-dry) x wet grain mass 
Were wet is the moisture percent of wet grain and, dry is the grain moisture is the 
grain moisture at the required percent, usually 12.5%. A potable grain moisture meter 
was used to measure maize grain moisture content (MC-7825G Grains Moisture 
Meter, Pinegowrie 2123, Gauteng, South Africa). Cobs from the net plot were bulked. 
Ten samples were than taken from the bulk randomly irrespective of whether they 
were the primary or secondary cob to determine cob length. 
 
In the 2008/09 season, soil temperatures were taken at 5 cm and 10 cm in the soil 
using a thermocouple thermometer (John Fluke Company Inc, USA) at 12:00 h for a 
period of seven days after sowing. Soil moisture was also measured at 10 cm, 30 cm, 
50 cm, 70 cm and 90 cm depths using a Mobi-check probe (AquaCheck Soil Moisture 
Management, 44 Oxford St, Durbanville, South Africa) at 7 days after sowing (DAS) 
and at flowering. Soil samples were taken a day before maize planting and at 55 DAS 
from the 0-5 cm and 5-20 cm depth between maize rows in each plot for inorganic N 
determination. Four positions in each plot were randomly selected for soil sampling. 
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Soil samples taken were thoroughly mixed in a bucket. When taking soil samples 
plant residues at the surface were carefully removed and small trowels were used for 
sampling the 0-5 cm depth while an auger was used to sample the 5-20 cm depth. Soil 
inorganic nitrogen was determined by extraction with 0.5 M K2SO4 (1:4, soil: 
solution) and analyzed spectrophotometrically as described by Okalebo et al. (2002). 
The sum of ammonium-N and nitrate-N is referred to as total mineral N in this study. 
Two quadrats measuring 35 cm x 35 cm were used to sample weeds in each plot at 
monthly intervals. Weeds were identified and grouped into species and then oven 
dried to a constant mass at 65oC after which dry mass was determined 
 
4.2.3 Data analyses and presentation 
Maize dry mass, plant heights, yield and yield components, soil temperature, soil 
moisture and weed dry mass were analysed as a factorial design using analysis of 
variance (ANOVA) across seasons. An extra factor (cover cropping) was included 
while type of cover crop residue x fertilizer regime were nested within cover cropping 
to include analysis of controls in the ANOVA (Cochran and Cox, 1957). Genstat 
Statistical Package Release 7.1 was used for the analysis. Regression analyses were 
done to determine the relationship between maize shoot dry mass with time. Methods 
described by Gomez and Gomez (1984) were used to test homogeneity of the 
regression coefficients for plots of shoot dry mass accumulation against time.  A gross 
margin (GM) analysis was done on a plot by plot basis to determine net income. The 
GM was calculated as the difference between the gross income and total variable 
costs (TVC). A current market price of US$180.00/t for maize grain was used to 
estimate the gross income, while TVCs were a summation of costs which included 
cover crop seed costs, labour, irrigation costs, fertilizer costs, herbicide and 
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insecticide costs, tractor costs for boom-spray herbicide application and rolling and 
maize seed costs for each treatment. Figures published by the Department of 
Agriculture (2008) of SA were used to estimate machinery and irrigation costs. 
Benefit to cost ratios (B:C ratios) were calculated as the proportion of benefits (gross 
income) to TVC. The GMs and B:C ratios were also subjected to ANOVA. Unless 
otherwise stated, differences referred to in the text are significant at P < 0.05. Results 
on maize growth and yield are reported in this chapter while cover crop growth results 
are reported in Chapter 3. 
 
4.3 Results 
 
4.3.1 Rainfall 
The 2007/08 season received more rainfall than the 2008/09 season during the main 
growing period from November to March (Table 4.1). A total of 391.2 mm and 274.3 
mm of rain was received during the growth of maize in the 2007/08 and 2008/09 
seasons. Temperatures between the two seasons were almost similar with very little 
variation (Table 4.1). 
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Table 4.1: Mean monthly temperatures, rainfall and irrigation at the UFH Research 
Farm from November to April in the 2007/08 and 2008/09 seasons. 
 Temperature (oC) Rainfall (mm) Irrigation (mm) 
 2007
/08 
2008
/09 
28-
year 
mean 
C.V 
(%) 
2007 
/08 
2008 
/09 
28-
year 
mean 
C.V 
(%) 
2007 
/08 
2008 
/09 
Nov 19.0 20.2 19.2 4.88 38.0 65.2 83.4 67.79 - - 
Dec 21.6 20.4 21.1 5.10 124.7 55.2 72.0 69.78 20 60 
Jan 22.1 22.6 22.2 2.98 104.7 57.5 64.0 50.71 - 50 
Feb 22.6 22.0 22.5 3.64 96.5 122.4 66.3 40.59 20 20 
Mar 20.8 21.3 21.0 4.44 65.2 39.2 66.1 54.41 30 20 
April 16.9 18.1 18.3 6.29 48.0 62.4 48.2 78.92 - - 
C.V % - coefficient of variation. 
 
4.3.2 Soil temperature, water and inorganic nitrogen 
Oat, grazing vetch and forage pea residues significantly (P < 0.01) reduced soil 
temperature compared to lupin and weed residues at 5 cm during the emergence 
period (Figure 4.1A). The mean maximum temperature for oat, grazing vetch and 
forage pea residues was about 24oC while it was 29oC for lupin and weed residues. 
However, differences in soil temperatures between the different mulches were less 
apparent at 10 cm for the same period (Figure 4.1B). There was a significant (P < 
0.01) and negative correlation (r = 0.8; 28 d.f.) between total amount of residues at the 
soil surface and soil temperature at 5 cm. Temperature generally decreased as amount 
of residues on the soil surface increased.  
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At one week after planting, plots with oat and grazing vetch residues had significantly 
higher water content at 10 cm compared to the other types of residues (Figure 4.2A). 
At 30 cm soil depth, there were no significant differences in soil water across the 
different types of mulch. However, at 50 cm to 90 cm soil depths, plots with weed 
residues and lupin had significantly (P < 0.01) higher soil water compared with plots 
with oat and grazing vetch residues (Figure 4.2A). At flowering, oat and grazing vetch 
had significantly higher soil water at 10 cm, however, there were no significant 
differences in soil water at soil depths deeper than 10 cm (Figure 4.2B). Cover crop 
residues and soil depth had significant effects on mineral N at planting and at 55 days 
after sowing in both seasons. Grazing vetch and forage pea residues had significantly 
(P < 0.01) greater mineral N compared to oat, lupin and weed residues while, mineral 
N was higher at 0-5 cm compared to the 5-20 cm depth (Table 4.2). 
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Figure 4.1: Mulch type effects on noon soil temperature (oC) at 5 cm (A) and at 10 cm (B) in the 2008/09 season. Error bars represent the LSD 
(0.05).
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Figure 4.2: Type of mulch effects  on soil moisture at planting (A) and at 72 DAS (B) 
in the 2008/09 season. Error bars represent the LSD (0.05). 
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Table 4.2: Type of cover mulch effects on mineral N (mg N/kg soil) at sowing and at 
55 days after sowing, means across seasons are presented. 
 
 Oat  Grazing 
vetch  
Faba bean  Lupin  Control 
At sowing  (mg N/kg soil) 
0-5 cm 69.4 86.0 81.2 58.3 69.7 
5-20 cm 44.2 56.1 56.1 33.5 44.1 
LSDa (0.05)   6.47   
LSDb (0.05)   5.61   
LSDc (0.05)   5.58   
At 55 days after sowing (mg N/kg soil) 
0-5 cm 55.1 64.8 69.0 52.7 41.3 
5-20 cm 27.2 39.1 38.4 31.2 29.0 
LSDa (0.05)   12.92   
LSDb (0.05)   11.19   
LSDc (0.05)   9.13   
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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4.3.3 Maize plant heights and dry mass 
There was a significant (P < 0.01) interaction between cover cropping, type of 
residues and fertilizer regime on final plant heights. Seasonal effects were not 
significant on final plant heights. Final maize plant height decreased with decrease in 
overall fertilizer amounts except on grazing vetch residues where maize did not 
respond to fertilizer (Figure 4.3). 
 
When maize dry mass was plotted against time, there were significant (P < 0.01) 
differences in the slopes for maize growing on different cover crop residues (Fig 4.4A 
and B). . Linear equations (y = mx + c) were fitted to the plots and m represents the 
slope of the plot which is the same as the CGR (Fageria et al., 2006). In the 2007/08 
plots with lupin residues and the control plots had the lowest maize dry mass 
accumulation rates, while plots with grazing vetch and oat residues had the highest 
(Figure 4.4A). A similar trend was observed in the 2008/09 season (Figure 4.4B). 
Fertilizer regimes only had significant effects on maize dry mass accumulation in the 
2008/09 season. Unfertilized plots with cover crops had higher maize dry mass 
accumulation rates compared with the unfertilized control (Figure 4.4C). 
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Figure 4.3: Presentation of type of mulch and fertilizer regime effects on final plant 
heights in maize, means are sacross season. Error bars represent the LSD (0.05).  
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Figure 4.4: Cover crop residue effects on maize dry mass accumulation in the 
2007/08 season (A), and 2008/09 season (B) and fertilizer effects on maize dry mass 
accumulation in the 2008/09 season (C). 
 
4.3.4 Maize yield and yield components 
Cover crop residues and fertility significantly (P < 0.01) affected cob length while the 
interaction between type of residue and fertility was also significant (P < 0.01). 
Seasonal effects were not significant with respect to cob length. Cob length was 
reduced in the R4 treatment of oat and lupin residues but not on grazing vetch and 
forage pea residues (Table 4.3).  
 
Cover cropping by residue and cover cropping by fertility interactions were 
significant with respect to number of grains per cob. Lupin residues and the control 
treatments resulted in fewer grains per cob compared to oat and grazing vetch 
residues (Table 4.4). Not fertilizing maize in the summer lowered number of grains 
per cob. However, the reduction was much greater where no cover crops were used 
compared to where cover crop residues were present (Table 4.5). 
 
Seasonal effects were not significant with respect to one-thousand seed mass while 
the interaction between cover cropping and residues was significant. Grazing vetch 
residues resulted in the heaviest grains while control plots had the lightest grains 
(Table 4.4). 
 
Season by cover cropping by residue and cover cropping by residue by fertility 
interactions were significant (P < 0.01) with respect to final grain yield. Maize yields 
  80 
were higher in the 2008/09 season compared to the 2007/08 season. However, while 
maize yields on oat and grazing vetch residues were similar in 2007/08, maize grown 
on grazing vetch out yielded maize grown on oat residues in the 2008/09 season 
(Table 4.6). Lack of summer fertilization tended to reduce maize yields but not for 
maize grown on grazing vetch residues (Table 4.7). There were significant 
correlations between yield and final weed dry mass (r = -0.75; d.f. 28), mineral N at 
planting (r = 0.70; d.f. 28), at 55 DAS (r = 0.71; d.f. 28) and soil moisture during 
maize flowering at the 10 cm soil depth (r = 0.85; d.f. 28). 
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Table 4.3: Type of cover crop residue and fertilizer effects on cob length (cm), data 
combined across seasons. 
Fertilizer 
regime 
R 1 
 
R 2 
 
R 3 
 
R 4 
 
     
Control   16.49 13.81 
Oat  18.49 18.55 17.97 15.46 
Grazing vetch  18.03 18.26 18.64 18.55 
Forage pea  18.29 17.68 18.22 17.05 
Lupin  17.36 13.08 16.36 14.6 
LSDa (0.05)  1.96  
LSDb (0.05)  1.70  
LSDc (0.05)  1.39  
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
R1 – plots fertilized in winter and summer, R2 – plots fertilized in winter only, R3 - 
plots fertilized in summer only, R4 – no fertilization in winter or summer. 
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Table 4.4: Type of cover crop residue effects on number of grains per cob and 1000-
seed mass (g), means across seasons are presented.  
 Oat  Grazing 
vetch  
Forage 
pea  
Lupin  Control 
number of grains/cob    
 504.8 520.3 519.2 427.4 425.6 
LSDb (0.05)   49.3   
LSDc (0.05)   40.3   
1000-seed weight (g)     
 341.7 374.8 348.7 329.6 303.1 
LSDb (0.05)   39.6   
LSDc (0.05)   32.3   
 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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Table 4.5: Cover cropping and fertilizer regime effects on number of grains per cob, 
means across seasons are presented.  
number of grains/cob 
 R 1 R 2 R 3 R 4 
Control  462.8 388.4 
Cover 
cropping  
 
512.3 
 
479.8 
 
510.2 
 
469.2 
LSDa (0.05)  80.6   
LSDb (0.05)  63.7   
LSDc (0.05)  40.3   
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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Table 4.6: Type of residue effect on maize yield (kg/ha) in the 2007/08 and 2008/09 
seasons.  
 2007/2008 2008/2009  
Type of residue    
Oat  6444 7385  
Grazing vetch  6363 9025  
Forage pea  4901 8407  
Lupin  2931 4212  
Control 3170 4279  
LSDa (0.05) 1273.0   
LSDb (0.05) 1090.3   
LSDc (0.05) 870.7   
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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Table 4.7: Type of residue and fertilizer regime effects on maize yield (kg/ha), means 
combined across seasons. 
 R 1 R 2 R 3 R 4 
     
Control   5150 2298 
Oat  7974 7677 7432 4574 
Grazing vetch  8376 7065 7859 7477 
Forage pea  7506 6038 7716 5355 
Lupin  5128 2421 4327 2409 
LSDa (0.05)  1861.0   
LSDb (0.05)  1471.2   
LSDc (0.05)  930.5   
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
4.3.5 Gross margins and B:C ratios 
Season, cover cropping and fertility interaction and, cover cropping, residue type, and 
fertility interaction (P < 0.05) were significant with respect to the GM. The second 
season had higher gross margins than the first season. However, while the R3 
fertilizer regime had the lowest GM in the 2007/2008 season, it had the highest GM in 
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the 2008/2009 season (Table 4.8). When compared with the other fertilizer regimes, 
the R4 regime had the lowest GM except for plots with grazing vetch residues, where 
it was the highest for all treatments (Table 4.8). With respect to B:C ratios, similar 
trends as for the GM were observed, grazing vetch residues with an R4 fertilizer 
regime resulted in the highest B:C ratios (Table 4.9). Budgets for costs incurred by the 
different treatments are summarized in Appendices 7, 8 and 9. 
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Table 4.8: Seasonal, type of residue and fertilizer regime effects on gross margins 
(GM) (US$). 
  R 1 R 2 R 3 R 4 
      
2007/2008 Control   110 84 
 Cover cropped 97 189 77 150 
2008/2009 Control   496 -5 
 Cover cropped 502 415 601 352 
LSDa (0.05)   867.5   
LSDb (0.05)   645.9   
LSDc (0.05)   301.3   
 R 1 R 2 R 3 R 4 
Oat residues 368 565 499 234 
Grazing vetch  490 504 473 654 
Forage pea  346 381 459 285 
Lupin  -6 -243 -74 -169 
Control   303 40 
LSDa (0.05)  613.4   
LSDb (0.05)  522.4   
LSDc (0.05)  426.1   
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
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LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
Table 4.9: Seasonal, type of residue and fertilizer regime effects on B:C ratios. 
  R 1 R 2 R 3 R 4 
2007/2008 Control   1.184 1.241 
 Cover cropped 1.087 1.239 1.087 1.234 
2008/2009 Control   1.763 0.988 
 Cover cropped 1.488 1.504 1.655 1.501 
LSDa (0.05)  1.0844   
LSDb (0.05)  0.8078   
LSDc (0.05)  0.3806   
  R 1 R 2 R 3 R 4 
Oat residues 1.344 1.688 1.593 1.402 
Grazing vetch  1.478 1.653 1.496 1.939 
Forage pea  1.34 1.498 1.488 1.41 
Lupin  0.989 0.646 0.906 0.719 
Control   1.373 1.114 
LSDa (0.05)  0.7668   
LSDb (0.05)  0.6546   
LSDc (0.05)  0.5382   
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
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LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
4.3.6 Weed growth 
Oats and grazing vetch residues resulted in lower weed growth rates compared to faba 
bean, and lupin. Data were combined across fertilization levels which did not affect 
weed growth rates (Figure 4.5A and B). There were significant (P < 0.01) seasonal 
effects on weed dry mass at maize flowering. The 2007/08 season had a mean of 6022 
kg/ha weed biomass while the 2008/09 season had a mean of 2618 kg/ha weed 
biomass.  
 
With respect to species diversity, there were significant (P < 0.01) season by cover 
cropping by type of residue effects. The second season, had a lower species diversity 
compared to the first season while, oat and grazing vetch residues also reduced weed 
species diversity (Table 4.10). The major non-broadleaf weeds included: Bracharia 
deflexa, Paspalum dilatum and Cyperus esculentus (Figure 4.6). For broadleafs, the 
most prevalent weeds included: Galinsoga parviflora, Datura stramonium, Eleusine 
indica, Nicandra physaloides, Portulaca oleracea and Amaranthus hybridus (Figure 
4.6). In the 2008/09 season, insignificant quantities of broadleaf weeds were observed 
on oat and grazing vetch residues compared to the other types of residues (Figure 4.6). 
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Table 4.10: Type of cover crop mulch effect on number of weed species, observed in 
maize plots in the 2007/08 and 2008/09 seasons.  
 Oats  Grazing 
vetch  
Faba 
beans  
Lupin  Control 
2007/2008 3.3 3.6 5.6 7.1 7.7 
2008/2009 2.4 3.2 2.4 4.6 4.8 
LSDa (0.05)   1.17   
LSDb (0.05)   1.00   
LSDc (0.05)   0.81   
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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A y = 190.55x - 3016.5, R2 = 0.9342, P < 0.01 (control)
y = 139.11x - 1734.6, R2 = 0.9618, P < 0.01, (Lupin)
y = 119.46x - 1569.5, R2 = 0.9287, P < 0.01, (Faba beans)
y = 74.762x - 949.82, R2 = 0.9498, P < 0.01, (Grazing vetch)
y = 54.672x - 699.4, R2 = 0.9516, P < 0.01, (Oats)
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Figure 4.5: Type of cover crop residue effects on weed dry mass accumulation over 
time in the 2007/08 (A) and 2008/09 (B) summer seasons. 
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Figure 4.6: Relative weed dry weights (kg/ha) of different weed species growing on 
different cover crop residues in the 2007/08 and 2008/09 seasons. 
 
4.4 Discussion 
Oat, grazing vetch and forage pea residues reduced soil temperatures by about 5oC 
(Figure 4.1). This temperature attenuation due to cover crops did not have any 
significant impact on final emergence, probably since temperatures were still high 
enough to allow optimal emergence. While temperature attenuation by residues at the 
soil surface has been observed to reduce germination and emergence in cold 
environments (Dabney et al., 2001; Kumar and Goh, 2002), this may not be the case 
in a warm-temperate environment with mean temperatures of about 21oC during 
emergence (Table 4.1). The significant and large correlation (r = 0.8) between amount 
of residues and soil temperature suggests that amount of residues rather than type of 
residues has the most impact on soil temperature attenuation. Other studies have 
reported that, although dark colored mulches (i.e. grazing vetch) are expected to allow 
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more soil warming than light colored mulches (i.e. oat straw), the difference in soil 
temperature at 5 cm depth between black and white straw mulches was only 0.5oC 
(Sharratt and Flerchinger, 1995; Dabney et al., 2001). In this study, no differences in 
soil temperature between grazing vetch and oats were observed, suggesting that the 
quality of the residue was not important.  
 
The higher soil water content at one week after planting at 10 cm soil depth, from 
plots with oat and grazing vetch residues may be the result of moisture retention due 
to the mulches, which agreed with the soil temperature results (Fig 4.2A). Soil 
temperature attenuation by residues may have reduced evaporation from the soil 
surface (Smika and Unger, 1986). The increased moisture could also have resulted in 
lower temperatures as a result of the high specific heat capacity of water, which 
makes it require a lot of energy to raise the temperature. The lower soil water content 
deeper in the soil profile at one week after planting for plots with oat and grazing 
vetch residues may be explained by the cover crops grown in winter. These cover 
crops may have utilized soil moisture from deeper layers of the soil profile compared 
to the control where weeds were growing. Oats with a rooting depth of up to 1.2 m 
(Thorup-Kristensen, 2001) produced over 10t/ha of dry matter, grazing vetch with a 
root depth of 85 cm (SAN, 2007), produced about 9 t/ha of dry matter, while the 
major weed species (Bromus catharticus) with a depth of up to 1.2 m (Jatimliansky et 
al., 1997) produced only 1 t/ha of dry mass suggesting more water consumption in oat 
and grazing vetch at deeper soil depths. In some studies, cover crops have been 
reported to reduce soil water content at planting (Reeves, 1994; Unger and Vigil, 
1998).  The observed lower soil water content at deeper soil depths for oat and grazing 
vetch plots did not last throughout the season.  
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At maize flowering, oat, forage pea and grazing vetch residues had higher soil water 
content than lupin and control plots throughout the profile up to 90 cm (Fig 4.2B). 
This may suggest improved infiltration and water conservation. Dabney et al. (2001) 
observed that while cover crops can potentially reduce yields of the subsequent crop 
in rainfed semi-arid regions by reducing soil water content at planting, this is less of a 
problem in humid areas and where irrigation water is available to make up for water 
deficits at planting time. Clark et al. (1997) observed that summer water conservation 
by cover crop residues may be more important in determining final yield than spring 
water depletion by growing cover crops if early season water deficits do not delay 
crop establishment. The observed soil water conservation at flowering in this study 
may be beneficial for smallholder irrigation farmers who often face serious moisture 
deficits at this critical stage. 
 
Lower maize plant heights in oat residues than the grazing vetch and forage pea 
residues (Figure 4.3), may probably be due to better supply of nutrients, especially N 
by the legume mulch. Nitrogen release from organic residues of legume origin is 
faster due to a narrow C:N ratio which leads to net mineralization. Legume residues 
resulted in higher amounts of inorganic N in the soil, both at planting and at 55 days 
after planting (Table 4.2). Other studies have also reported that legume residues, 
which have lower C:N ratios, tend to decompose rapidly and release N (Giller and 
Wilson, 1991; Tanimu et al., 2007). The lower maize plant heights on unfertilized 
plots with lupin residues, may be explained by the much lower N-uptake by the lupin 
crop, which did not accumulate a lot of biomass.  
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Oat, grazing vetch, faba bean and forage pea residues resulted in greater maize crop 
growth rates compared to lupin residue plots and the control (Fig 4.4). Improved 
water retention, and less weed growth may have resulted in better growth of maize on 
oat and grazing vetch residues compared to maize growing on lupin residues in both 
seasons. This agreed with work done elsewhere in the south-east South Africa with a 
tropical climate, where higher maize growth rates were attributed to improved soil 
moisture retention with increased plant residues at the soil surface (Berry et al., 1987). 
Fertilizer regimes also affected crop growth rates (Figure 4.4C) with the R4 of the 
control treatment having the lowest CGR. At the same time, using cover crops 
without fertilization (the R4 treatment) had higher CGR compared to the R4-Control. 
This suggests improvements in resource utilisation by maize growing on cover crop 
residues irrespective of the type of residue. 
 
In the summer season, weed CGRs and were subdued in plots with oat, grazing vetch 
and forage pea residues (Fig 4.5). Slow decomposition rates are essential for the cover 
crop to persist for long as mulch and smother weeds. In the Eastern Cape, where 
weeds and fertility are major constraints,  grazing vetch may be a suitable choice 
since it proved to have some weed suppression efficacy as well contributing N to the 
succeeding crop.  
 
Total weed control was not possible. This necessitated use of a selective herbicide, 
basagran, in the second season. The herbicide used, was able to kill mostly 
broadleafed weeds and Cyperus esculentus, and this may explain the narrower weed 
diversity and more relative proportions of grasses in the weed spectrum observed in 
the 2008/09 season compared with the 2007/08 season (Table 4.10; Fig 4.6). These 
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findings agree with similar work that concluded that systems with little or no tillage 
may increase the potential for the growth of certain weed species due to weed seed 
accumulation at or near the soil surface (Teasdale and Mohler, 1993; Bilalis et al., 
2003). Changes in tillage have a significant effect on weed control and the weed 
population. 
 
A combination of factors may also explain the greater cob length, number of 
grain/cob and heavier grains for oat, grazing vetch and forage pea residues (Tables 
4.3, 4.4, and 4.5). These include improved soil N and better weed control and 
moisture retention. Higher maize yields were also observed in plots with the above 
mentioned cover crop residues (Table 4.6 and 4.7). The 2008/09 season had greater 
maize yields than the first season (Table 4.6) probably due to lower weed density in 
the second season. This may also have been compounded by effects of maintaining 
residues at the soil surface over many seasons which may have released more 
nutrients into the soil. These differences in yield between the two seasons could not 
be attributed to soil water as the total amount of rainfall and irrigation for the two 
seasons was similar.  
 
Higher maize yields in the 2008/09 season may explain the higher GMs observed for 
the second season compared to the first season (Table 4.8). Lack of a positive impact 
of lupin residues on maize yields resulted in negative GMs in plots with lupin residues 
(Table 4.8). This meant that the investment made in growing lupin as a cover crop is 
not justified by the returns and, lupin may not be a suitable cover crop for farmers in 
the study area. The grazing vetch-R4 treatment resulted in the greatest GM and B:C 
ratios (Tables 4.8 and 4.9). Grazing vetch was able to grow very well with minimal 
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investment (no fertilizer) at the same time achieving yields comparable to the 
fertilized treatments resulting in the high B:C ratio. In soils with a heavy depletion of 
nutrient N, such as those on most smallholder irrigation farms, only judicial 
applications organic or inorganic N may still be needed for higher B:C ratios to be 
realised. Smallholder farmers are particularly sensitive to costs when taking up new 
technologies. In this present study, costs ranged from US$350/ha for the Control-R4 
to US$670/ha for grazing vetch-R4 and US$1050 for the oats-R1 treatment. The high 
cost involved in an oat system may make it unfavourable for resource-limited farmers.  
 
4.5 Conclusions 
Oat and grazing vetch residues reduce soil water from depths >10cm at planting, 
however, they conserve soil water after the planting and germination period. Oats and 
grazing vetch residues restrict weed growth and lower weed species diversity. Grazing 
vetch makes a major contribution to the fertility requirements of a subsequent maize 
crop. From an economic perspective, grazing vetch results in the highest returns with 
no fertilizer inputs during cover crop growth and maize growth. Results suggest that 
farmers should use grazing vetch as a cost effective cover crop that produces high 
maize yields with minimal fertilizer input. Famers growing maize on oat mulch need 
to apply more fertilizer than maize growing on grazing vetch mulch. 
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5 DECOMPOSITION, NITROGEN AND PHOSPHORUS 
MINERALIZATION FROM WINTER-GROWN COVER CROP RESIDUES 
AND SUITABILITY FOR A SMALLHOLDER FARMING SYSTEM IN 
SOUTH AFRICA 
 
Abstract 
Decomposition, N and P release from winter cover crops [grazing vetch (Vicia 
darsycarpa), forage peas (Pisum sativum) and oats (Avena sativa)] were assessed for 
suitability in cropping systems found in the smallholder irrigation sector of South 
Africa. Nitrogen and P contribution to maize growth by cover crop residues was also 
estimated. Decrease in mass of cover crop residues was much greater in grazing vetch 
followed by forage peas and lastly oats. Oats had 40 % ash free dry mass remaining 
after 124 days while grazing vetch and forage peas had 7 % and 16 %, respectively. 
Maximum net mineralized N and P were greater for grazing vetch (84.8 mg N/kg; 3.6 
mg P/kg) compared to forage peas (66.3 mg N/kg; 2.7 mg P/ha) and oats (13.7 mg 
N/kg; 2.8 mg P/kg). Grazing vetch and forage pea residues resulted in higher N 
contribution to maize when compared with oat residues. These findings suggest that 
grazing vetch decomposes much faster than oats and mineralizes more N than other 
legumes thus contributing the most N to a subsequent maize crop. 
 
Keywords: Cover crops, CO2 evolution, decomposition, litter quality, nutrient 
mineralization.  
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5.1 Introduction 
For successful adoption of CA technologies by farmers, applicability in their farming 
systems must be demonstrated. Cropping intensity on smallholder irrigation farms is 
very low and farmers rarely plant winter crops. A permanent soil cover has been 
reported to also result in soil water conservation, reduction of weed densities as well 
as improved soil fertility depending on decomposition rates (Derpsch, 2003).  
 
Nitrogen fixing legumes have been shown to have clear benefits in terms of N supply 
(Jeranyama et al., 2000). These include; vetches (Vicia vilosa, Vicia darsycarpa), and 
Leucena leucocephala (Mafongoya et al., 2000; Sainju et al., 2005; Daudu et al., 
2006). Cereal cover crops, such as oats and rye grass produce high biomass with large 
C and N contents and thus have the potential to improve soil organic matter and are 
able to reduce N loss through leaching and soil erosion (Sainju et al., 2005). Slowly 
decomposing cover crops may not provide nutrients to the follow-up crop but may be 
able to smother weeds and assist in storage of water. Organic soil amendments such 
as cattle manure, pineapple waste, tobacco waste, poultry manure, and pig dung have 
been shown to improve soil productivity in the Eastern Cape Province of South Africa 
(Mkile, 2001; Adediran et al., 2003). 
 
For effective nutrient conservation in CA systems that are being promoted, nutrient 
release from decomposing cover crops should be synchronised with crop demand 
(Ibewiro et al., 2000). The quantification of residue decomposition and nutrient 
release is thus a pre-requisite for optimising nutrient-use efficiency by maize in cover 
cropping systems. The fertilizer value of plant residues left on the soil surface will 
depend on their ability to decompose and release nutrients (Adediran et al., 2003).  
  100 
Decomposition data are generally analyzed using the single exponential (Olson, 1963) 
and double exponential models (Bunnel and Tait, 1974) to estimate constants that 
describe the loss of mass over time. The models commonly used in the estimation of 
decomposition rates. The appeal of single exponential model arises from the fact that 
a single constant (k) characterizes the loss of mass (Palma et al., 1998). 
Decomposition, N and P release from organic materials in the soil is influenced by 
biotic and abiotic factors, including the quality of residues (Palm, 1995; Ibewiro et al., 
2000; Lupwayi et al., 2000; Daudu et al., 2006). The C/N ratio of organic residues 
provides a rough indication of the initial rate of decomposition and N release from the 
residues. Several studies have determined N, lignin (L) and polyphenol (PP) contents, 
L/N, PP/N and (L+PP)/N ratios as useful indices of residue quality that control 
residue decomposition and N release (Lupwayi et al., 2000; Palm, 1995; Vanlauwe et 
al., 1996). Quality of residues is also known to affect soil pH. However, effects on pH 
vary according to the rate of application and the buffering capacity of the soil (Chintu 
et al., 2004). Consistent use of cover crop residues may have implications on soil pH 
management.   
 
Low carbon dioxide (CO2) production during decomposition usually coincides with 
periods of low microbial activity, and CO2-C evolution is often used as a sensitive 
decomposition rate indicator (Chintu et al., 2004). An analysis of the above quality 
parameters aids in explaining any differences in decompositions rates. The objectives 
of this study were to i) assess residue decomposition, N and P release from selected 
winter cover crops and ii) relate mineralization of residue N and P to uptake by maize. 
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5.2 Materials and methods 
The soil used in this study was collected from the University of Fort Hare Research 
Farm. Soil description is as in Section 3.2. 
 
5.2.1 Source of material used in the study 
The study involved a litterbag experiment under field conditions and laboratory 
incubation experiments. Plant materials were collected from an on-going experiment 
described in Section 3.2.  
 
5.2.2 Litterbag experiment 
Samples of cover crop biomass were collected by cutting at ground-level in 
unfertilized oat, grazing vetch and forages pea plots only after the winter 2008 trial 
(Section 3.2). Plant materials were dried at 65oC to constant mass. Although oven 
drying may affect mass loss rates (Mafongoya et al., 2000) biomass was dried before 
putting it in litterbags in order to allow comparison with other studies. A subsample of 
the plant materials was ground (< 1 mm) and analysed for total C and N content using 
the automatic LECO C/N analyser (LECO Corporation, 2003). Before plant material 
was analysed is was ground to pass through a < 1 mm sieve. Phosphorus was 
determined by digesting the plant material in sulphuric acid-selenium digestive 
mixture and then a calorimetric procedure was used to determine P concentration as 
described by Okalebo et al., (2002). Lignin, cellulose and polyphenols by the acid 
detergent fibre method (Goering and Van Soest, 1970).  
 
 For every plot, 10 litterbags were filled each with 10 g oven dried biomass material. 
The litterbags measured 0.20 m X 0.20 m and were made from nylon mesh with 1 mm 
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size pores. The three treatments (type of residue) were superimposed in their 
respective plots. Plant materials were chopped to < 5 cm before they were put into 
litter bags. Litterbags were placed on the soil surface and plant residues in the plots 
were rolled on top of the litterbags to create a firm contact between the litterbags and 
the soil surface to allow maximum influence of meso and macrofauna. Litterbags 
were placed in the field on the 25th October 2008 at the start of the summer season. 
Temperature, rainfall and irrigation regimes occurring during cover crop 
decomposition in the field are summarized in Table 4.1. 
 
Litterbags were sampled at fortnight intervals, with one litterbag randomly selected 
from each plot. Un-decomposed material was carefully separated from the litter bags 
and roots and soil particles removed. The cleaned samples were put in paper bags and 
oven dried at 65oC to constant weight to determine mass remaining.  Ash free dry 
mass (AFDW) was determined after the dried material was oxidized (ashed) in a 
furnace at 450oC for 5 hours and re-weighed.  
 
For the purpose of estimating N and P contribution to maize growth by decaying 
cover crops, two maize plants were sampled destructively per plot by cutting at their 
base near the soil surface at 78 days after sowing (DAS), at 50 % pollen shedding. 
Maize shoot dry mass were measured after oven drying to a constant weight at 65oC. 
Maize plants were then ground (< 1 mm) and analyzed for total N and P using 
methods described by Okalebo et al. (2002). Total N and P uptake by maize was 
taken as the product of N or P concentration and maize dry mass. Nitrogen and P 
contribution to maize growth by the decaying cover crops was estimated as the 
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difference in N and P uptake by maize growing on cover crop residues and maize in 
the control plots.   
 
5.2.3 N and P mineralization under laboratory incubation 
The soil used for the laboratory incubation studies was taken from the top 20 cm of 
the soil at the University of Fort Hare Farm. It was air dried and sieved to pass 
through a 2 mm mesh before it was used in the incubation experiments. Ground 
samples (< 1 mm) of the plant materials were thoroughly mixed with 50 g air dry soil, 
0.2 g of grazing vetch, 0.225 g forage peas and 0.35 g oats were mixed separately 
with the soil. A control with no plant material added was included. These treatments 
mimicked biomass yields reported in field trials. The plant/soil mixtures were placed 
in 150 ml plastic bottles, there were 18 bottles for each treatment to allow weekly 
measurements for up to six weeks. The four treatments were arranged in a randomised 
complete block design with three replications.   
 
The plant/soil mixtures were brought to 70 % field capacity and incubated at 27oC. 
Field capacity of the soil was determined as described by Okalebo et al. (2002). Soil 
water was maintained by periodic addition of deionized water. Three bottles for each 
treatment were removed from the incubator weekly and analyzed for pH (2.5:1 water 
to soil suspension), inorganic nitrogen (NH4-N and NO3-N) as described by Okalebo 
et al. (2002) and extractable P by the Bray-1 method (NASAWC, 1990).  Net 
mineralized nutrients were obtained by the difference between values of the control 
and the treated soil.  
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5.2.4 CO2-C evolution under laboratory incubation 
In a separate study, mineralised C from the treatments described above was estimated 
using air-tight glass jars containing CO2 traps. Bottles containing the soil mixture and 
the CO2 traps were placed in jars, sealed and incubated at 27oC. Each treatment was 
replicated three times. The CO2 produced by the soil in each jar was trapped in 15 ml 
of 0.1 M NaOH and was removed on days 1, 5, 12, 19, 26, 33, 40, 47 and at 68 days 
of incubation. At each of the sampling days, the jars were taken out of the incubator 
and the traps removed and sealed (to avoid CO2 contamination). The jars were left 
with the lids off for approximately an hour to replenish oxygen. Traps with fresh 
NaOH solution were placed in the jars which, were resealed and placed back into the 
incubator. Carbon dioxide released was determined by back-titration with 0.1 M HCI 
after addition of excess BaCl2 to the NaOH to precipitate the carbonates. The net 
CO2-C evolved was obtained by calculating the difference in the values of the control 
and the biomass treated soil. Cumulative mineralised CO2-C was calculated as the 
sum of all previous measurements. 
 
5.2.5 Data analyses 
The percentage of remaining mass in the litter bags (% RM) was calculated from the 
mass of ash free litter (Xt) at each sample period (t) and the initial mass (X0):   
%RM = 100 Xt/X0 
The average annual decomposition rate (k) of leaf litter was estimated using the single 
exponential function (Olson, 1963), represented by the equation:  
ln Xt/X0 = -kt 
For % RM and soil pH analysis, an additional factor, day of measurement, was added 
to type of residue before subjection to analysis of variance. Inorganic N, extractable P 
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and CO2-C measurements from incubation experiments, N and P contributions to 
maize growth by decaying cover crops in the field were also subjected to analysis of 
variance using the Genstst 7.1 statistical package.  
 
5.3 Results 
5.3.1 Decomposition in litter bags 
There was a significant (P < 0.01) interaction between type of plant material and day 
of measurement with respect to mass of plant material remaining. Decrease in mass of 
plant material was higher in grazing vetch followed by forage peas and lastly oats (Fig 
5.1). Grazing vetch had the highest k values followed by forage peas and oats with 
lowest value (Table 5.1). Ash free dry matter decreased to 50 % of the original value 
in 20, 42 and 95 days for grazing vetch, forage peas and oats respectively.  
 
Grazing vetch had the highest N concentration (Table 5.2) while C concentration was 
similar across the cover crops used in the study. The C/N ratio was lowest for legume 
cover crops (≤ 15) whereas oats had the highest C/N ratio of 46. Phosphorus 
concentration was highest in grazing vetch and forage peas and lowest in oats. With 
respect to other quality parameters such as lignin/N and (L+PP)/N, oats had the 
highest value compared to the other plant materials used in this study (Table 5.2). The 
largest proportion of the variation in decomposition rate constants of the residues is 
explained by the C/N ratio (Table 5.3). 
 
Stover of maize grown on oat residues had significantly lower (P < 0.05) N content 
than that of maize grown on grazing vetch and forage peas (Table 5.4). However, the 
P content in maize stover was similar across the different cover crops. The N and P 
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contribution followed similar trends as the N and P contents of the stover. Grazing 
vetch contributed about 34.4 kg N/ha to maize stover growth at 78 DAS, which 
represented about 41.3 % of the total N uptake by the maize stover. On the other 
hand, oats only contributed about 9.4 kg N/ha, which represented about 15.2 % of the 
total N uptake by maize grown on oat residues. Phosphorus contributions were similar 
across the cover crops, 7.3 kg P/ha representing about 21.3 % of the total P uptake.  
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Figure 5.1: Mass loss from winter grown cover crops in litterbags in the field. Error 
bar represent the LSD (0.05). 
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Table 5.1: Average annual decomposition rate (k) for different cover crop species, 
according to the single exponential model (Olson, 1963). 
Cover crops Average annual decomposition rate (k) 
Grazing vetch 7.86 
Forage peas 5.35 
Oats 3.35 
LSD (0.05) 0.942 
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Table 5.2: Some chemical composition and quality descriptors of plant materials used 
in the study. 
 Grazing vetch Forage peas Oats 
C (%) 42.77 42.63 41.57 
N (%) 4.01 2.84 0.90 
P (%) 0.37 0.36 0.19 
Total polyphenols (PP) 
(%) 
0.67 0.74 0.27 
Lignin (%) 3.38 2.37 17.39 
Cellulose (%) 21.39 23.59 4.78 
C/N 10.66 15.08 46.37 
Lignin:N 0.84 0.83 19.33 
PP:N 0.17 0.26 0.30 
C:P 0.02 0.02 0.01 
(L+PP)/N 1.01 1.010 19.63 
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Table 5.3: Coefficients of determination (r2, 28 d.f.) for linear regressions between 
some initial residue quality characteristics and rate for dry matter loss (k). 
* Significantly correlated at P < 0.05. 
** Significantly correlated at P < 0.01. 
 
 
Table 5.4: Effects of cover crop residues on maize stover N and P concentration, the 
difference in N and P upkake with control plots and the N and P contribution by cover 
crop residues. 
 N (%) P (%) N 
Contribution 
(N kg/ha) 
P 
Contribution 
(P kg/ha) 
% N 
Contribution 
% P 
Contribution 
Grazing 
vetch  
 
0.83 
 
0.28 
 
34.4 
 
6.96 
 
41.3 
 
21.8 
Forage 
peas 
 
0.85 
 
0.31 
 
29.1 
 
6.27 
 
37.5 
 
21.2 
Oats 0.56 0.29 9.4 8.63 15.2 22.2 
LSD 
(0.05) 
0.18 0.05 7.07 4.05 11.97 9.78 
 
 
 Quality parameter 
  PP % Lignin % C/N Lignin:N PP:N (L+PP)/N   
Cover crops  0.45* 0.52* 0.76** 0.57** 0.43* 0.58**   
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5.3.2 N and P mineralisation in laboratory incubation studies 
Type of plant material significantly (P < 0.05) affected amount of N mineralised for 
the different incubation periods. Grazing vetch and forage peas significantly (P < 
0.01) increased mineral N in the soil compared to oats (Fig. 5.2). In oats, there was a 
reduction in soil mineral N after three weeks of incubation (Fig. 5.2). Incubating the 
soil with plant materials significantly (P < 0.05) increased the amount of extractable P 
in the soil. However, the increase in extractable P differed with the type of plant 
material incubated with the soil. There was not much increase in extractable P up to 2 
weeks of incubation, after which, grazing vetch resulted in the greatest increase in 
extractable P compared to other cover crops (Fig. 5.3). 
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Figure 5.2: Net mineralized inorganic N (NH4-N + NO3-N) winter cover crops 
incubated with soil under laboratory conditions. Error bars represent the LSD (0.05). 
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Figure 5.3: Net mineralized P from winter cover crops incubated with soil under 
laboratory conditions. Error bars represent the LSD (0.05). 
 
 
5.3.3 CO2-C mineralisation and soil pH dynamics in laboratory incubation studies 
At one and four days of incubation, no significant differences in CO2-C evolution 
were observed among the different plant materials. However with increase in 
incubation time, oats followed by forage peas had the greatest C evolution while 
grazing vetch had the least (Fig 5.4). There was a significant (P < 0.01) day of 
measurement effect on pH while type of residue had no significant effect on pH. 
Mixing the soil with plant materials reduced pH by a similar magnitude across the 
different types of residues (Figure 5.5). 
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Figure 5.4: CO2-C mineralization with time from winter cover crops mixtures 
incubated with soil under laboratory conditions. Error bars represent the LSD (0.05). 
 
Figure 5.5: Effect of winter cover crop plant materials on soil pH during incubation 
in a laboratory.  
 
5.4 Discussion 
The 20 % mass loss in oats after about 20 days contrasts sharply with a study by Hu et 
al. (1999), where oats decomposed rapidly resulting in 45.3 % mass loss of residues 
in litterbags in the first 19 days. Grinding plant materials as in the study of Hu et al. 
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(1999) increases the surface area for soil microbes to degrade the plant material. 
Placing plant materials at the soil surface as opposed to incorporating into the soil 
may have also led to the differences in the surface area of plant materials in contact 
with soil macro and micro-fauna resulting in lower rates of decomposition. Soil 
temperatures and moisture differences may also explain the differences between the 
two studies. Plant materials were not incorporated into the soil in the study to mimic 
the practice in conservation agriculture where plant materials are not incorporated but 
left on the soil surface to provide soil cover. Although litterbag methods may 
underestimate actual de-composition, it is assumed that the results of litter bag studies 
will reflect trends characteristic of unconfined decomposing litter, and as such allow 
for comparisons among species, sites, and experimental manipulations (Wieder and 
Lang, 1982). 
 
Mass loss over time was in the order grazing vetch > forage pea > oats which is 
related to the higher C/N ratio of the substrates. Higher lignin and polyphenol 
contents in oats explain its lower rate of decomposition. This was revealed by the 
significant regression coefficients between K values and the indicated quality 
parameters . The fast decay observed immediately after placing plant materials in the 
field may be explained by decomposition of the labile constituents of the plant 
materials (Ibewiro et al., 2000). The rate of decomposition includes the effects of the 
environment (air temperature and precipitation) and the bio-chemical composition of 
the plant materials (Ruffo and Bollero, 2003). The higher temperatures and moisture 
in summer may encourage more activity by soil organisms resulting in high 
decomposition rates. The persistence of oats may make it particularly attractive for 
reducing land degradation through soil erosion reduction, and improving soil organic 
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matter and other soil quality parameters (Ruffo and Bollero, 2003). Besides reducing 
land degradation, oat residues may also offer other benefits such as smothering of 
weeds as well as soil moisture conservation (Berry et al., 1987). Oats as a cover crop, 
may not contribute much in terms of N and P to the succeeding maize crop as seen in 
this study. This has soil fertility management implications where it may be envisaged 
that crops growing on oat residues may require higher fertilizer amounts than crops 
growing on legume cover crops. Fertilizer response studies may shed more light on 
appropriate fertilizer applications on crops growing on cover crop residues. However, 
Miguez and Bollero (2005) have shown that while legume winter cover crops 
increased N uptake and yield in maize when no nitrogen was applied, this benefit 
decreased with application of fertilizer. 
 
Grazing vetch and forage peas were able to contribute substantially to the N 
requirements of the succeeding maize crop, with grazing vetch and forage peas 
contributing about 41.3 % and 37.5 % of the total N in maize, respectively at 78 DAS. 
This agrees with other studies that have reported increased N uptake by crops growing 
on legume winter cover crop residues (Kuo and Jellum, 2002; Miguez and Bollero 
2005). Nutrient release from decaying plant materials must be synchronized with 
nutrient uptake by a follow-up crop (Nair, 1993). Grazing vetch lost about 70 % of its 
initial mass in the first 60 days while forage peas lost about 60 % in the same period.  
The practice of killing winter-grown cover crops a month before planting the maize 
crop may allow maize to maximize nutrient uptake from decomposing legume cover 
crops. At 60 days after cover crop termination, maize growth would be at about 4-5 
weeks, farmers usually top dress at this time.  
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Nitrogen mineralisation, in laboratory incubation studies, closely reflected field mass 
loss trends and chemical composition. Grazing vetch was highly degraded by soil 
microbes as indicated by the rapid release of N. Carbon dioxide evolution reached a 
maximum much earlier in grazing vetch and forages peas compared to oats. This may 
suggest that soil microbes were able to complete decomposition of grazing vetch and 
forage peas much earlier compared to oats. Oats marginally increased mineral N with 
a reduction of mineral N at three weeks suggesting N immobilisation. This may be 
explained by their high C/N ratio, high concentration of lignin and polyphenols 
leading to higher lignin plus polyphenols: N. A C/N ratio above 25 is known to 
increase potential for N immobilisation in the soil (Nair, 1993; Sainju et al., 2005) 
and oats residues in this study had a much higher C/N ratio of 46. Oats residues can 
persist for much longer in the field compared to the legume cover crops. Cover crop 
residues and other crop residues ensure a permanent soil cover in CA systems. 
Farmers in low external input production systems, such as those in South Africa’s 
smallholder irrigation schemes, will demand multiple benefits from cover crops. 
Reduction of land degradation may not necessarily be their overriding concern. The 
contribution of cover crop residues to overall crop productivity is of particular 
importance to these farmers.  
 
In this study net P mineralization was in the order grazing vetch > forage peas = oats 
with grazing vetch mineralizing about 3.6 mg P/kg. This also led to a modest 
contribution, a mean of about 7.3 kg P/ha to maize biomass at 78 DAS by cover crop 
residues. Whether net mineralization of P occurs depends on the P content of the 
material. Residues with P values < 0.2 % show little or no net mineralisation (Floate, 
1970). All the materials used in this study had P contents greater than 0.2 % except 
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for oats (Table 3.3). Horst et al. (2001) observed that while herbaceous cover crops 
can contribute to increased P availability to crops, these measures cannot substitute 
for maintenance P fertilizer application. In similar studies, Adediran et al. (2003) 
reported P mineralization of 13 mg P/kg for tobacco waste and about 4 mg P/kg for 
pineapple waste with P values of 0.22 % and 0.12 %, respectively. Mafongoya et al. 
(2000) reported net P immobilisation when leaves of agroforestry tree species 
(Gliricidia sepium, Acacia nilotica), with total P content of < 0.2 %, were incubated 
with soil.  
 
In this study, the incorporated plant residues tended to reduce soil pH. Changes in soil 
pH due to plant residue incorporation depend on the quality of residues, rate of 
application of the residues and the initial soil pH (Wong et al., 1998; Paul et al., 2001; 
Xu and Coventry, 2003). Soils with pH values greater than those of the residues 
generally suffer a decrease in soil pH after treatment, while plant materials generally 
result in an increase in soil pH in acid soils (pH < 5). The soil pH at the start of the 
experiment was mildly acidic (pH = 6.1) and this may explain the decrease in soil pH 
observed in this study. Decomposition of organic matter produces carbon dioxide and 
organic acids as intermediaries. As weak acids, during ionization protons (H+ ions) are 
produced. The H+ ions produced are responsible for increasing acidity in the 
surrounding environment. In cases where pH of the soil is increased, the buffering 
capacity of the soil is high and H+ ions produced are buffered or absorbed (Paul et al., 
2001). 
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5.5 Conclusion 
Grazing vetch, and to a lesser extent, forage peas decompose faster increasing soil 
mineral N and extractable P compared to oat residues. Grazing vertch makes a 
significant N and P contribution to a succeeding maize crop. However, maintanace P 
applications are crucial. The slow decomposition of oat residues may be useful in 
weed control. Farmers may grow grazing vetch to improve soil mineral N while the 
slow decomposition rates for oats are good for weed control. 
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6 EFFECTS OF MAIZE/LEGUME COVER CROP STRIP INTER-
CROPPING PATTERNS ON BIOMASS, CARBON AND NITROGEN 
UPTAKE AND MAIZE GRAIN YIELD 
 
Abstract 
Low biomass yields from some winter cover crops have shifted some attention to 
summer cover crops in maize-based cropping systems in South Africa. However, in 
the smallholder irrigation farming sector, where maize is the major crop affecting 
food security, strategies for growing summer cover crops are unclear. Field studies 
were done at the University of Fort Hare Research Farm in the 2007/08 and 2008/09 
summer seasons to investigate effects of strip intercropping patterns (3:2; 4:2; and 6:2 
patterns) of maize (cv. PAN 6479) with mucuna (Mucuna pruriens) or sunnhemp 
(Crotalaria juncea)on maize productivity and cover crop biomass production. Control 
plots with sole crops of maize and cover crops were also included. This gave a 2 x 3 
factorial plus controls laid as a randomised complete block design with three 
replicates. In the second season, sunnhemp sole plots had greater mineral N, with 81.9 
mg N/kg compared to the other plots which had a mean of 48.3 mg N/kg. Cover crop 
biomass yields were highest in sole plots, with mucuna yielding 8507 kg/ha and 
sunnhemp 15 429 kg/ha; in strip intercrops, sunnhemp achieved the highest biomass 
yield of  4576 kg/ha in the 3:2 pattern while mucuna achieved 1897 kg/ha for the 
same strip pattern. The 3:2 strip intercropping pattern slightly depressed yields, 
however, yield reduction was more pronounced in the first season where water stress 
was experienced with maize partial land equivalent ratios (PLER) of 0.55 and 0.98 in 
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the 2007/08 and 2008/09 seasons respectively. Growing maize on previous cover crop 
strips failed to increase maize productivity probably due to weed growth during the 
fallow reducing mineral N in these strips. Maize rows adjacent to the cover crop strips 
were more affected than other rows. It was concluded that sunnhemp is a viable 
summer cover crop which may substantially increase soil mineral N when grown as a 
sole crop or strip intercropped with maize in a 3 maize rows: 2 cover crop rows 
pattern. A long fallow winter period may reduce the positive impact of legume cover 
crops on soil mineral N.  
 
Keywords: maize, mucuna, strip-intercropping, sunnhemp. 
 
6.1 Introduction 
Most studies on cover crops for CA technologies have focused on winter cover crops, 
because of the opportunity presented by low cropping intensity during winter in most 
smallholder irrigation schemes (Fanadzo et al., 2010). Winter cover crops are planted 
in autumn, grow through winter and are terminated in spring before planting summer 
food crops. Summer cover crops may be desirable for their reduced irrigation costs 
since they are grown during the rainy season. Costs could also be reduced by 
considering intercropping as a strategy to incorporate cover crops into what is largely 
a maize-based cropping system. In smallholder irrigation schemes maize 
monocultures are the norm with very few farmers practising crop rotations (Fanadzo 
et al., 2010). However, there is little information on the most appropriate cover crop 
species to grow. These short-term cover crops may especially be suited for moisture 
conservation and also weed control depending on the amount of biomass produced.  
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The most appropriate way of introducing summer cover crops in the prevailing 
farming systems needs consideration. Planting a summer cover crop immediately after 
a maize crop, relay planting into a summer crop or strip intercropping are possibilities 
of establishing summer cover crops. Strip intercropping has however, been shown to 
be more effective in reducing competition among intercrop species (Ghaffarzadeh et 
al., 1994). 
 
Strip intercropping is the production of more than one crop simultaneously in 
different strips that are narrow enough for the crops to interact and wide enough to 
permit independent cultivation of the different crops (van der Meer, 1989). 
Information on strip intercropping of maize, the staple crop, and cover crops is not 
readily available, most research has focused on strip intercropping of food crops. 
Some research has focused on strip intercropping of maize and forage legumes. Smith 
and Carter (1998) reported that four-meter strips of four maize rows had the greatest 
maize yields, while there was a progressive decline in maize yields for the 6-m and 
12-m strips of maize and lucerne. Alford et al. (2003) reported that a mostly weed-
free field is required to maximize maize/forage legume intercrop productivity. The 
type of legume species used affected intercrop performance. 
 
The productivity of different alternative strip intercropping patterns of maize and 
cover crops are yet to be quantitatively documented. Strip intercrops are usually 
named after the numbers of rows of component crops in the strips that are alternated. 
For example, in a 3:2 pattern, one crop consists of three rows, and the other crop 
consists of two rows. Other systems may include 3:1, 4:2 or a 6:2 pattern. In addition 
to the differences in number of rows per strip of the two crops, there are slight 
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differences in row distance (Smith and Carter, 1998). It may be envisaged that the 
differences in crop ratios and row distances among the systems will modify the 
competitive relationships and the ability of the crops to capture and utilize resources. 
Shifting the positions of cover crop strips in subsequent seasons may allow some 
maize rows to be planted on previous cover crop residues. This may bring a rotation 
effect in systems where crop rotations are non-existent. It may be hypothesised that 
maize rows growing on previous cover crop strips may benefit from a higher mineral 
N from decomposed legume cover crops and perform better than other maize row 
positions, thereby increasing productivity of the system.  
  
For cover cropping purposes, smallholder farmers are often unwilling to sacrifice the 
yield of the main crop in these strip-intercropping systems. Because of this, seeding 
rates for the main crop are normally maintained while the seeding rates for the 
companion crop may vary (Kankanen and Eriksson, 2007). Smallholder farmers on 
irrigation schemes in the Eastern Cape Province aim to achieve a maize plant 
population of 40 000 plants/ha.  
 
The objectives of this study were, (i) to determine the effect of strip intercropping 
patterns on biomass production and maize productivity and, (ii) to determine effects 
of shifting position of strips in a subsequent season on productivity of maize and 
productivity of maize from different row positions in the system.  
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6.2 Materials and method 
6.2.1  Site description 
The study was conducted at the University of Fort Hare Research Farm in the 2007/08 
and 2008/09 summer seasons. Temperature and rainfall parameters during maize 
growth are summarized in Table 6.1. The soil is as described in Section 3.2. 
 
6.2.2 Treatments and experimental design 
Maize (cv. PAN 6479) was strip intercropped with either mucuna or sunnhemp 
accessions. The planting patterns that were used in the strip intercrops were: (i) three 
rows of maize and two rows of cover crop (3:2 pattern), the pattern/sequence was 
repeated four times in each plot, (ii) four rows of maize and two rows of cover crop 
(4:2 pattern) pattern/sequence repeated three times in each plot and, (iii) six rows of 
maize and two rows of cover crop (6:2 pattern) pattern/sequence repeated two times 
in each plot. Control plots with sole crops for maize, mucuna and sunnhemp were also 
included. This gave a 2 X 3 factorial plus controls laid as a randomised complete 
block design with three replicates. These different repetitions in each plot allowed the 
gross plot to be constant (at 10.4 m X 6 m) across the strip intercropping patterns. 
 
Sole maize plots consisted of 13 rows, with an inter-row spacing of 0.8 m and an in-
row spacing of 0.31 m. In sole plots both sunnhemp and mucuna were planted at 50 
kg seed/ha, row spacing was 0.3 m. For cover crops in intercrop plots, row density 
was the same as in the sole crops.  Cover crops were inoculated with Rhizobium 
legunominosarium biovar viciae having  5 x 108 rhizobial cells/g (Stimuplant CC, 
Zwavelpoort 0036, SA) at planting. Seeds were coated by mixing with slurry 
containing the inoculant, water and a sticker (methyl cellulose). After drying in a 
  123 
shade seeds were sown immediately in the field.  In sole velvet bean and sunnhemp 
plots, row spacing was 0.30 m. Maize in both sole and intercrop was planted at a 
density of 40 000 plants/ha. The experiment was established on the 23rd of December 
2007 in the 2007/08 season the 2nd December 2008 in the 2008/09 season. Before 
maize planting, the field was ploughed in the first season only. The position of cover 
crop strips was shifted in the second season, this allowed some maize rows to be 
planted where there were cover crops strips in the previous season. Maize was planted 
using matraca planters (Farmarama, East London, SA) without tillage.   
 
Fertilizer was applied at a rate of 60 kg N/ha, a third of the N was applied at planting 
as a compound 2:3:4 (30) and the rest as lime ammonium nitrate (LAN) (28 % N) 
which was banded along maize rows at 6 weeks after planting. Mucuna and sunnhemp 
in both sole and strip-intercrop plots received 6.7 kg N/ha, 10 kg P/ha and 13.3 kg 
K/ha applied as a compound 2:3:4 (30). Fertilizer rates mimicked farmer practice. 
Supplementary irrigation was applied through sprinkler irrigation based on Class A 
evaporation pan readings and, amounts of irrigation applied are summarized in Table 
6.1. 
 
Weed control was done once by hand hoeing at 10 weeks in the 2007/08 season while 
basagran (a.i: thiadiazine 480g/L) was applied in the second season at 5 L/ha at six 
weeks after planting to control weeds in all plots except the legume sole plots and 
legume strips. Spraying was done using a knapsack sprayer which sprayed between 
maize rows. Control of maize stalk borer (Busseola fusca) was done by applying 
Bulldock (a.i: beta-cyfluthrin 50 g/L) in all plots. All cover crops were maize 
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harvesting. This was done by rolling the cover crop and applying glyphosate at a rate 
of 5 L/ha. 
 
6.2.3 Measurements 
Maize dry mass were determined as follows; in the first season, plants were sampled 
separately from rows in the middle of each strip and from rows adjacent to the cover 
crop strips. In the second season, maize growing in rows on previous cover crop strips 
was sampled separately from rows in the middle of each strip and from rows adjacent 
to the cover crop strips. In sole maize plots, rows 2, 3, 11 and 12 were sampled. Two 
plants per row were sampled destructively by cutting at their base near the soil 
surface, for the last sampling only one plant was sampled per plot. Dry mass were 
determined at 28, 39, 52 and 69 days after sowing (DAS) in the first season and at 22, 
62 and 88 DAS in the second season. Maize shoot dry mass, were determined by oven 
drying to a constant weight at 65oC. At harvesting, the net plots were from previously 
undisturbed sequences in each plot. Rows of maize grown on previous cover crop 
strips, middle rows not growing on previous cover crop strips and maize rows 
adjacent to the current strips were harvested separately. Each row had an area of 0.8 
m X 5 m. For maize in sole plots the net plot area was from rows 5 and 6 giving an 
area of 1.6 m X 5 m. Yield (kg/ha) and yield components (cob length, grains/cob and 
one thousand seed mass) were also measured.  
 
Cover crop shoot dry masss were determined by cutting a row length of 0.35 m of 
cover crop biomass at their base. Samples were oven dried to a constant mass at 65oC 
and cover crop shoot dry masss determined on the same days as the maize sampling. 
Total N and C were determined using the LECO C/N analyser (LECO Corporation, 
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2003) for the last sampling day in the 2008/09 season only. Nutrient uptake was 
calculated as the product of nutrient concentration and biomass in above-ground parts 
of the crops. Quadrants measuring 35 cm x 35 cm were used to sample weeds in all 
plots at six weeks after planting in both seasons. Weeds were sampled destructively 
from maize rows adjacent to cover crops, maize rows in the middle of the strip and 
maize rows in previous cover crop strips. Weeds were dried to constant mass at 65oC 
after which dry mass were determined.  
 
In the second season, soil inorganic nitrogen was determined by extraction with 0.5 M 
K2SO4 (1:4, soil: solution) and analyzed spectrophotometrically as described by 
Okalebo et al. (2002). When taking soil samples, plant residues at the surface were 
carefully removed and an auger was used for sampling the 0-20 cm depth. Soil 
samples were taken a day before maize planting. In each plot, samples were taken 
separately on rows which had cover crops and maize in the previous season. Four 
positions in each row were randomly selected and soil samples taken and mixed 
thoroughly in a bucket. Soil samples were also collected from the sole plots. 
 
6.2.4 Data analyses  
The aggressivity (Aab) concept was employed to evaluate aggressiveness of species 
‘a’ and ‘b’ in intercrop relative to their respective sole cropping yields (Willey and 
Rao, 1980; Li et al., 2000):  
 
Aab =    Yia     _     Yib  
  YsaFa       YsbFb 
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Where Yia and Yib are yields of crops ‘a’ and ‘b’ in intercropping, Ysa and Ysb are 
yields of crops ‘a’ and ‘b’ in sole cropping, Fa and Fb are the proportion of the area 
occupied by crops ‘a’ and ‘b’ in the intercropping. When Aab is greater than 0, 
competitive ability of crop ‘a’ exceeds that of crop ‘b’ in intercropping. In this study, 
cover crops were terminated with no seed being harvested, and so biomass weight was 
used to calculate aggressivity.  
 
Partial land equivalent ratios (PLER) were calculated using the following equation: 
PLER = Yij/Yii, where Yij represented maize grain yields in intercrop and Yii 
represented maize grain yields in sole crop (Ofori and Stern, 1987). The measured 
variables (cover crop dry mass, maize dry mass, weed dry mass, maize grain yield and 
yield components, PLER and Aab) were analysed by analysis of variance (ANOVA). 
Row position was included as an extra factor in the analysis. Where appropriate, an 
extra factor (cropping system) was included while intercropping pattern xcover crop 
species were nested within cropping systems to include analysis of controls (sole 
crops) in the ANOVA (Cochran and Cox, 1957). Methods described by Gomez and 
Gomez (1984) were used to test homogeneity of the regression coefficients for plots 
of shoot dry mass accumulation against time. Maize from different row positions were 
harvested on a row basis expressed but analysed on a plant basis (g/plant). Total 
maize dry mass and grain yield on a per hectare basis (kg/ha) was subsequently 
determined and analyzed. The Genstat Statistical Package Release 7.1 was used for 
the analysis while, mean separations were done using the least significant difference 
(LSD).  
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6.3 Results 
6.3.1 Rainfall and irrigation 
A total of 376.4 mm and 454.4 mm were received through rain and irrigation during 
crop growth in the 2007/08 season and 2008/09 seasons respectively (Table 6.1). 
Failure of irrigation equipment resulted in a period of moisture stress during the 
critical flowering and early grain filling periods in the first season. However, rainfall 
received during maize growth in the two seasons was comparable to the long term 
average for the area.  
 
Table 6.1: Mean monthly temperatures, rainfall and irrigation at the UFH Research 
Farm from November to April in the 2007/08 and 2008/09 seasons. 
 Temperature (oC) Rainfall (mm) Irrigation (mm) 
 2007
/08 
2008
/09 
28-
year 
mean 
C.V 
(%) 
2007 
/08 
2008 
/09 
28- 
year 
mean 
C.V 
(%) 
2007 
/08 
2008 
/09 
Nov 19.0 20.2 19.2 4.88 38.0 65.2 83.4 67.79 - - 
Dec 21.6 20.4 21.1 5.10 124.7 55.2 72.0 69.78 30 60 
Jan 22.1 22.6 22.2 2.98 104.7 57.5 64.0 50.71 20 60 
Feb 22.6 22.0 22.5 3.64 96.5 122.4 66.3 40.59 - 20 
Mar 20.8 21.3 21.0 4.44 65.2 39.2 66.1 54.41 20 20 
April 16.9 18.1 18.3 6.29 48 62.4 48.2 78.92 - - 
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6.3.2 Cover crop growth, C and N uptake 
There was a significant interaction (P < 0.01) between planting pattern and cover crop 
species on final dry mass. Sunhemp produced more biomass than mucuna in sole 
cropping and when undersown in maize. Sole crops produced the highest dry masss, 
followed by the 3:2 pattern (Figure 6.1). For sunnhemp, the 6:2 and 4:2 patterns had 
similar biomass while biomass from the 3:2 pattern was highest, with a mean of 5 t/ha 
for the two seasons (Figure 6.1).  
 
There were significant (P < 0.01) differences in the slopes for cover crops growing in 
different cropping patterns (Table 6.2; Figure 6.2). This slope, as revealed by the 
regression coefficients, represents the mean crop growth rate (CGR) for the cover 
crops (Fageria et al., 2006). These slopes are an estimate based on approximately the 
linear portion of the sigmoid curve. The equations, revealing the regressions 
coeficients for slopes in Figure 6.2, are reported in Table 6.2. Sole crops had the 
highest crop growth rates, followed by sunnhemp in the 3:2 pattern. Strip-
intercropped mucuna resulted in the lowest CGR in all of the patterns used (Table 
6.2).  
 
Cover crop species was the only factor significantly (P < 0.01) affecting tissue  C (%),  
N (%) and the C/N ratio. Cropping patterns did not significantly (P > 0.05) affect C 
(%), N (%) and the C/N ratio. Mucuna had higher % C and % N and a lower C/N ratio 
than to sunnhemp (Table 6.3). There were significant interactions (P < 0.05) between 
cover crop species and planting pattern with respect to total C and N uptake (kg C/ha 
and kg N/ha). Sunnhemp resulted in much higher C and N uptake than mucuna in all 
the strip intercrop patterns (Table 6.4). However, sole-cropped mucuna had a 
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significantly (P < 0.05) higher N uptake than sole cropped sunnhemp (Table 4). 
Differences in C and N uptake were significantly (P < 0.01) greater for sole cropping 
and the 3:2 pattern compared to the 6:2 pattern (Table 6.4).  
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Figure 6.1: Effects of planting patterns and cover crop species (mucuna and 
sunnhemp) on final dry masss, means across the two seasons. Error bar represent the 
LSD (0.05). 
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Figure 6.2: Effects of planting patterns and cover crop species (mucuna and 
sunnhemp) on dry mass accumulation in the 2007/08 (A) and 2008/09 (B) seasons. 
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Table 6.2: Equations describing growth of cover crops (mucuna and sunnhemp) 
under different strip-intercrop patterns in the 2007/08 and 2008/09 seasons. 
 2007/08 season   2008/09 season  
Planting 
pattern and 
species 
Equation R2  Equation R2 
Sole mucuna y = 174.03x - 3836.3 0.95 y = 132.75x - 2903.3 0.97 
Sole 
Sunnhemp 
y = 272.84x - 3787.6 0.98 y = 230.14x - 3149.9 0.94 
3:2 mucuna y = 52.136x - 1209.6 0.80 y = 27.04x - 633.65 0.93 
3:2 sunnhemp y = 111.6x - 2664.5 0.95 y = 72.647x - 1487.1 0.94 
4:2 mucuna y = 43.196x - 1199.2 0.97 y = 18.676x - 305.43 0.97 
4:2 sunnhemp y = 68.307x - 488.4 0.94 y = 38.774x - 591.03 0.94 
6:2 mucuna y = 28.867x - 805.01 0.97 y = 13.874x - 316.79 0.94 
6:2 sunnhemp y = 50.8x – 072.1 0.90 y = 31.185x - 536.58 0.89 
x represents time (days);  y represents biomass yield (kg/ha); R2 represents the 
coefficient of determination. 
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Table 6.3: Cover crop species effects on  C (%), N  (%) and the C/N ratio in the 
2008/09 season. 
 Mucuna Sunnhemp LSD (0.05) 
C (%) 44.01 41.93 0.13 
N (%) 4.84 2.55 0.02 
C/N ratio 9.10 16.42 0.20 
 
 
Table 6.4: Effects of planting patterns and cover crop species (mucuna and 
sunnhemp) on final C and N uptake in the 2008/09 season. 
 Sole cropping 3:2 pattern 4:2 pattern 6:2 pattern 
 C uptake (kg/ha)  
Mucuna 4111 844 566 435 
Sunnhemp 6610 2149 1180 936 
LSD (0.05) 382.7 
     
 N uptake (kg/ha)  
Mucuna 441.8 92.5 63.4 48 
Sunnhemp 401.1 131.3 71.5 57.1 
LSD (0.05) 28.15 
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6.3.3 Soil nitrogen 
There was a significant (P < 0.05) cropping pattern by cover crop species effect on 
soil mineral N at planting. Sole plots which were planted with sunnhemp had higher 
mineral N than the other plots (Table 6.5). There were no significant (P > 0.05) 
differences in soil mineral N between rows planted to maize or cover crops in the first 
season.   
 
Table 6.5: Effects of farming system and cover crop species on soil mineral N (mg 
N/kg) just before maize planting in the 2008/09 season. 
 3:2 pattern   4:2 pattern   6:2 pattern Control-sole 
cover crop plots 
Mucuna 41.7 51 57.7 47.2 
Sunnhemp 46.1 50.6 43.5 81.9 
LSDa (0.05)  9.1   
LSDb (0.05)  7.7  
LSDc (0.05)  6.3  
  
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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6.3.4 Maize and weed dry mass 
In both seasons, there was a significant (P < 0.05) interaction between cover crop 
species and row position on maize dry mass per plant. Strip intercropping patterns had 
no significant effects on dry mass per plant. Maize on rows adjacent to sunnhemp 
strips produced significantly lower dry mass compared to maize on rows adjacent to 
mucuna strips (Fig 6.3A and B). There were similar biomass yields for maize in 
middle rows in either a sumhemp or mucuna undersowing system. In the 2008/09 
season, maize rows growing on previous cover crop strips had similar dry mass to 
maize grown where there were no cover crop strips in the first season (Figure 6.3B).  
 
With respect to maize dry mass per hectare, the 2007/08 season had significantly (P < 
0.05) lower maize dry mass compared to the 2008/09 season. The means for the 
2007/08 and 2008/09 seasons were 6787 kg/ha and 8363 kg/ha respectively (LSD = 
1412). Strip intercropping patterns also significantly (P < 0.05) affected maize dry 
mass per hectare. The 3:2 and 4:2 patterns produced lower maize dry mass per unit 
area than to the other intercropping patterns. The 6:2 pattern and the sole maize crop 
had similar maize dry mass per unit area (Table 6.6).  
 
There was a significant (P < 0.05) cropping pattern by cover crops species interaction 
on weed dry mass at six weeks in both seasons  (Table 6.7). Weed dry mass were 
similar for the two seasons. While weed dry mass was similar across the strip 
intercropping patterns irrespective of cover crop species, the sunnhemp sole crop had 
lower weed biomass compared to the other plots. 
  135 
A
0
20
40
60
80
100
120
140
160
180
200
Middle rows Adjacent to cover crop row
Position of maize plant
M
ai
ze
 d
ry
 w
ei
gh
t (
g/
pl
an
t)
Mucuna
Sunhemp
 
B
0
50
100
150
200
Maize rows on previous
cover crop rows
Middle rows Adjacent to cover crop
row
Position of maize plant
M
ai
ze
 d
ry
 w
ei
gh
t (
g/
pl
an
t)
Mucuna
Sunhemp
 
Figure 6.3: Effects of cover crop species and row position on maize dry mass 
(g/plant) in the 2007/08 (A) and 2008/09 (B) seasons. Error bars represent the LSD 
(0.05). 
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Table 6.6: Strip intercropping pattern effects on maize dry mass (kg/ha), means 
across the 2007/08 and the 2008/09 seasons are presented.  
 Sole 
crop/control 
3:2 pattern 4:2 pattern 6:2 pattern 
Dry mass 
(kg/ha) 
8364 6958 7285 8089 
LSDa (0.05)  796.6  
LSDb (0.05)  650.4  
 
LSDa  = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDb = for treatment comparisons only, with controls excluded, maximum 
replications.  
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Table 6.7: Effects of cropping pattern and cover crops species on weed dry masss 
(kg/ha) means across the 2007/08 and 208/09 seasons are presented.  
 3:2 pattern   4:2 pattern   6:2 pattern Control-sole 
cover crop plots 
Mucuna 3521 3453 3619 3024 
Sunnhemp 4136 3923 3325 1052 
LSDa (0.05)  1522.2  
LSDb (0.05)  1351.2  
LSDc (0.05)  921.23  
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
6.3.5 Maize yield and yield components 
There was a significant (P < 0.05) interaction between season, cropping pattern and 
cover crops species with respect to 1000 seed mass (Table 6.8). The 2007/08 season 
had much lower 1000 seed mass compared to the 2008/09 season. However, strip 
intercropping sunnhemp with maize in the 3:2 pattern, reduced 1000 seed weights in 
the 2007/08 season while there were no significant differences in the 2008/09 season 
across the different strip-intercrop patterns. 
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Cropping pattern and cover crop species had no significant (P > 0.05) effects on cob 
length, while season effects were significant (P < 0.01). The 2007/08 season produced 
much shorter cobs (12.7 cm) compared to the second season (18.0 cm). There were no 
significant (P > 0.05) effects of row position on cob length in the 2007/08 season. 
However, in the 2008/09 season, maize rows adjacent to cover crops had lower cob 
lengths, while there were no differences between middle rows and rows grown to 
cover crops in the previous season (Table 6.9).  
 
Cropping pattern and cover crop species had no significant (P > 0.05) effects on 
number of grains per cob, while season effects were significant (P < 0.01). The 
second season had more grains/cob than the first season with 353.3 grains/cob and 
520.6 grains/cob for the first and second season respectively. Row position had no 
significant (P < 0.05) effects on number of grains/cob in both seasons. 
 
With respect to yield (g/plant), cropping pattern, cover crop species and row position 
did not significantly (P > 0.05) affect yield/plant in the first season. However, in the 
second season, maize plants adjacent to cover crop strips had significantly (P < 0.01) 
lower yield/plant compared to the other row positions. Maize yield (g/plant) from 
rows planted on previous cover crops rows had similar yield as the maize grown on 
rows that were not planted to cover crops the previous season (Table 6.10).  
 
With respect to final yield (kg/ha), there was a significant (P < 0.05) season by 
cropping pattern interaction. The second season had higher yields than the first. The 
3:2 pattern resulted in lower yields in both seasons compared to the other cropping 
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patterns. However, the differences in yield between the 3:2 pattern and the other 
cropping patterns was much greater in the 2007/08 season (Table 6.11).  
 
Table 6.8: Season, cropping pattern and cover crop species effects on one thousand 
seed weights(grams). 
  3:2 pattern 4:2 pattern 6:2 pattern 
2007/08 season 1000-seed mass (g) 
Mucuna  245.9 246.7 254.6 
Sunnhemp  207.3 246.7 234.1 
Sole maize 257.4    
2008/09 season1000-seed mass (g) 
Mucuna  377.4 424.9 324.8 
Sunnhemp  376.8 380.7 383.5 
Sole maize 372.9    
LSDa (0.05)  59.11  
LSDb (0.05)  48.27  
LSDc (0.05)  41.8  
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
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Table 6.9: Effects of row position on cob length (cm) in the 2008/09 season. 
 
Row position Cob length (cm) 
Maize rows on previous cover crop rows 18.49 
Middle rows 17.59 
Maize rows adjacent to cover crop 
species 
16.58 
LSD (0.05) 1.2 
 
 
 
Table 6.10: Effects of row position on maize yield (g/plant) in the 2007/08 and 
2008/09 seasons. 
 Maize yield (g/plant) 
 2007/08 season 2008/09 season 
Row position   
Maize rows on previous cover crop rows  176.9 
Middle rows 76.0 159.8 
Maize rows adjacent to cover crop species 69.7 145.5 
LSD 17.6 16.84 
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Table 6.11: Effects of season and cropping pattern on maize yield (kg/ha). 
 Sole crop 3:2 pattern 4:2 pattern 6:2 pattern 
2007/08 season 4775 2620 4882 4050 
2008/09 season 7017 6884 7891 7309 
LSDa (0.05)  804.6  
LSDb (0.05)  699.7  
LSDc (0.05)  575.9  
 
LSDa = for control to control comparisons only, minimum replications, 
LSDb = for comparisons of controls with other treatments, minimum replication and 
maximum replications and, 
LSDc = for treatment comparisons only, with controls excluded, maximum 
replications.  
 
6.3.6 PLER and aggressivity  
There was a significant (P < 0.05) interaction between season and strip intercropping 
pattern on maize PLER. While PLER was similar across strip intercropping patterns 
in the 2008/09 season, the 3:2 pattern resulted in significantly lower maize PLER in 
the 2007/08 season (Table 6.12). With respect to aggresivity, season and strip 
intercropping pattern had no effect on aggresivity of components in the intercrop. 
Cover crop species was the only factor that significantly (P < 0.05) affected 
agressivity, with sunnhemp (Aab = -0.181) being more aggressive than maize, while 
maize was more aggressive than mucuna (Aab = 0.129). 
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Table 6.12: Effects of season and cropping patterns on maize partial land equivalent 
ratios (PLER). 
 
 3:2 pattern 4:2 pattern 6:2 pattern 
2007/08 season 0.55 1.02 0.85 
2008/09 season 0.98 1.13 1.04 
LSD (0.05) 0.27 
 
 
6.4 Discussion 
The lack of differences in soil mineral N between rows which were previously planted 
to maize or the legume cover crops could be because the land was left fallow during 
winter, as practiced in most smallholder irrigation farms. A fallow of 5-6 months 
could have allowed enough time for the legume cover crops to decompose and release 
nutrients. It could also have allowed weeds to grow which might have taken up 
nutrients compromising the efficiency of the system with respect to nutrient 
contributions to the next maize crop. Nutrient release from decaying plant materials 
must be synchronized with nutrient uptake by a follow-up crop. Rains received (255 
mm) during the fallow period could have also leached nutrients such as N. Legume 
cover crops have been reported to improve soil N and making substantial nutrient 
contributions to maize growth in Nigeria and Tanzania (Kalumuna et al., 2001; 
Ibewiro et al., 2000). In these farming systems, the rainfall pattern is bimodal, having 
a shorter rain season followed by a longer rain season. Fast growing cover crops are 
usually planted in the short season with maize being planted immediately on arrival of 
the long season. This may explain why in these systems, summer cover crops 
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contribute substantially to maize growth since the period from cover crop termination 
to maize planting is much shorter. Under South African conditions, with a unimodal 
rainfall pattern, growing winter cash crops under irrigation may maximise nutrient 
uptake by crops from decomposing summer grown cover crops. 
 
Higher biomass yields by the sole crops compared to the strip-intercropped cover 
crops may largely be explained by the much higher seed rates  per unit area that were 
used in the sole crops. The higher seed rates used for the 3:2 pattern mainly explain 
Higher biomass yields by the sole crops compared to the strip-intercropped cover 
crops may largely be explained by the much higher cover crop density per unit area in 
the sole crops. The higher cover crop density for the 3:2 pattern also explains the 
higher biomass yield compared with the 4:2 and 6:2 patterns. Comparisons in cover 
crop biomass yield were made on total cover crop biomass produced in the whole 
plot, regardless of the strip-intercrop pattern to mimic the actual biomass yields that 
would be realised if each system was used by farmers. However, when biomass yields 
were compared on equal area basis across strip-intercrop patterns, cover crop species 
was the only factor affecting final biomass yields. The low biomass yields obtained by 
the 6:2 pattern (< 2 t/ha) may not make any meaningful contribution the overall 
performance of the system. Differences in C and N uptake between the two species 
were mostly explained by differences in the total biomass produced by the cover 
crops. Higher biomass yields meant more C and N uptake.  
 
Sunnhemp lowered the dry masss of maize growing adjacent to it much more than 
mucuna. This may be explained by the more vigorous growth of sunnhemp compared 
to mucuna. Sunnhemp was better at competing for growth resources than mucuna. 
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The much lower maize dry masss per unit area for the 3:2 may be explained by the 
increased cover crop strips per unit area which may have increased competition for 
resources compared to the other strip patterns. Strip intercropping maize with mucuna 
or sunnhemp did not lower weed dry mass while the sunnhemp sole crop reduced 
weed dry masss. The aggressive nature and fast growing ability of sunnhemp may 
explain this. Reduced sunnhemp seed rates in strip intercrops may also explain why 
sunnhemp was unable to reduce weed growth in strip intercrop systems. Mucuna was 
not as vigorous as in other studies, since mucuna is known to out-compete weeds and 
can drastically reduce maize yields when grown in association with maize (Udensi et 
al., 1999; Caamal-Maldonado et al., 2001). 
 
The significantly higher soil mineral N in sole plots grown to sunnhemp may be 
explained by the higher biomass yields and overall N uptake from sunnhemp 
compared to the other plots. This may benefit cash/food crops that may be planted on 
decaying sunnhemp residues resulting in improved productivity. The lack of better 
productivity (maize dry mass, yield and yield components) for maize growing on 
previous cover crop rows than on other maize rows, may be explained by similar 
inorganic N levels in these rows.  
 
The differences in water applied through rainfall and irrigation in the two seasons 
may give an indication of how the different cropping patterns may perform with 
varying amounts of water applied.  The 2007/08 season experiment experienced water 
deficit during critical periods such as the flowering and grain filling. This may explain 
the lower maize yields in the first season compared to the second season. Late weed 
control in the first season than in the season could also explain the yield differences 
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between the two seasons. Increased competition from cover crops may have reduced 
maize productivity (lower 1000 seed weights, final yield and PLER) in the 3:2 
pattern. The yield reduction in the 3:2 pattern was much greater in the relatively drier 
2007/08 season (Table 10). Zegada-Lizarazu et al. (2006) showed that under limited 
water environments, competition for soil water between intercropped plants may be 
strong thereby reducing the overall performance of the intercrop system.  
 
Farmers may not be willing to compromise yield of the staple crop, when cover crops 
are strip intercropped with maize. In the absence of water stress, the 3:2 pattern would 
maximise sunnhemp biomass production without negatively affecting yields as shown 
by a high maize PLER (0.98) in the second season. If water if not a limiting factor, the 
3:2 pattern may be used to maximize cover crop biomass yields. The aggresivity 
index used in this study allows measures of the relative competitiveness of the 
component species in the intercrop on equal area basis, since the proportion of the 
respective species is taken into account. Sunnhemp was more aggressive than maize 
in this study, if equal proportions of land area had been used for sunnhemp and maize 
in the intercrop, maize yields could have been drastically reduced.  
 
6.5 Conclusion 
Sunnhemp produces more dry weight than mucuna especially, when planted as a sole 
crop or when strip intercropped with maize in the 3:2 pattern compared to the 4:2 and 
6:2 patterns. Sunnhemp substantially increases soil mineral N when grown as a sole 
crop. However, allowing a long fallow winter period reduces the positive impact of 
legume cover crops on soil mineral N. The 3:2 strip intercropping pattern depresses 
maize yield if water is limiting. Growing maize on previous summer cover crop strips 
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does not improve soil mineral N levels and maize productivity. Growing winter 
food/cash crops after a summer legume cover crop may offer better prospects for 
optimizing nutrient release and uptake by crops in smallholder cropping systems. 
However, more research on this may be required. 
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7 DECOMPOSITION, NITROGEN AND PHOSPHORUS 
MINERALIZATION FROM RESIDUES OF SUMMER-GROWN COVER 
CROPS AND SUITABILITY FOR A SMALLHOLDER FARMING 
SYSTEM IN THE EASTERN CAPE PROVINCE 
 
Abstract 
The current interest in conservation agriculture (CA) technologies is a result of the 
need to reduce excessive land degradation in most crop producing areas as well as 
enhance sustainable food production. For resource-poor smallholder farmers, cover 
crops that are usually grown under CA to provide soil cover may offer secondary 
benefits, depending on the farming system. This study investigated residue 
decomposition, N and P release from selected summer cover crops, mucuna (Mucuna 
pruriens) and sunnhemp (Crotalaria juncea) as well as their uptake by maize in a 
farming system common in smallholder farms in South Africa. This was done through 
litterbag, laboratory incubation studies and a field study. Percent ash free material 
remaining over time decreased more in sunnhemp leaves and mucuna compared to 
sunnhemp stems.  Sunnhemp stems had about 65 % of ash free dry mass remaining 
after the end of the experiment at 132 days while just over 10 % of mucuna and 
sunnhemp leaves still remained. There were no significant (P < 0.05) differences in N 
and P uptake between maize in control plots and maize grown on residues of either 
mucuna or sunnhemp, suggesting no mineral contribution to maize growth by cover 
crops. However, in incubation studies, mucuna mineralized 60 mg N/kg and 3.2 mg 
P/kg and sunnhemp mineralized 45 mg N/kg and 3.5 mg P/kg. Weeds and/or leaching 
may impact negatively to nutrient flow from decaying cover crops species to maize 
during the long winter fallow period. Growing winter cash crops under irrigation may 
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result in better synchrony between nutrient release from summer-grown cover crops 
and uptake by winter cash crops, as opposed to leaving the land fallow throughout the 
winter season. 
 
Keywords: Decomposition, mucuna, nitrogen, phosphorus, sunnhemp.  
 
7.1 Introduction 
Summer cover crops such as sunnhemp (Crotalaria juncea) and mucuna (Mucuna 
pruriens) are grown during summer in association with maize or as pure stands. 
Multiple benefits, not just reduced land degradation, can persuade farmers in these 
low external input systems to grow cover crops. While cover crops produce biomass 
necessary for soil cover, quality of the biomass has implications on persistence, weed 
suppression, water conservation and soil fertility. However, the soil fertility 
implications for the next summer crops if the land is left as a fallow during the winter 
are not clear.  
 
Legume cover crops are known to contribute significant amounts of N to the 
succeeding crop (Jeranyama et al., 2000). This may benefit most smallholder farmers 
who are unable to buy fertilizers. Jeranyama et al. (2000) showed that intercropping 
maize with sunnhemp or cowpea requires addition of small amounts of inorganic 
fertilizers. However, N release and uptake by the succeeding crops will depend on 
decomposition rates and synchrony of nutrient mineralization and uptake by crops in 
the farming system. If nutrients are released before crops are ready to take them up, 
they may be lost through leaching at the onset of rains and uptake by weeds during 
winter. Nutrient flow from decomposing summer cover crops to the subsequent crop 
in smallholder farming systems that occur in SA is not well understood.  The 
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objectives of this study were to i) assess residue decomposition, N and P release from 
selected summer cover crops and ii) relate mineralization of residue N and P to uptake 
by maize in the following summer. 
 
7.2 Materials and method 
 
7.2.1 Source of material used in the study 
Plant materials were collected from an on-going experiment described in Section 6.2. 
Only cover crop biomass from the 3:2 strip-intercropping was used in this study.    
Two maize shoots were sampled by cutting at their base near the soil surface at 69 
days after sowing (DAS). Samples were taken from sole maize plots and from maize 
rows growing on cover crop residues. Maize shoot dry masss were measured after 
oven drying to a constant weight at 65oC. Maize plants were then ground (< 1 mm) 
and analyzed for N and P using methods described by Okalebo et al. (2002). Total N 
and P uptake by maize was taken as the product N or P concentration and maize dry 
mass. Nitrogen and P contribution to maize growth by the decaying cover crops was 
estimated as the difference in N and P uptake by maize growing on cover crop 
residues and maize in the control plots (Adedrian et al., 2003).   
 
7.2.2 Litterbag experiment 
Samples of mucuna and sunnhemp shoots from strip-intercrop plots only, were cut at 
ground level in each plot prior to cover crop killing and dried at 65oC to constant 
weight. A sub-sample of the plant materials was ground (< 1 mm) and analysed for 
total C and N content using the LECO C/N analyser (LECO Corporation, 2003), P 
content as described by Okalebo et al. (2002) and lignin, cellulose and polyphenols by 
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the acid detergent fibre method (Goering and Van Soest, 1970). Sunnhemp leaves 
were analysed separately from sunnhemp stems and for mucuna, the vines and the 
leaves were not separated.  
 
Plant materials were chopped to < 5 cm before they were put into litterbags. 
Sunnhemp stems and leaves were put in separate litterbags. The three types of plant 
residues (mucuna, sunnhemp stems and sunnhemp leaves) were placed in their 
respective plots, arranged in a randomised complete block design with three 
replications. For every plot, 10 litterbags were each filled with 10 g oven dried 
biomass material. Litterbags measured 0.20 m X 0.20 m with 1 mm size pores. 
Litterbags were placed on the soil surface and plant residues in the plots were rolled 
on top of the litterbags to create a firm contact between the litterbags and the soil 
surface to allow maximum influence of meso and macrofauna. Rainfall and 
temperature conditions during decomposition (winter 2008) are summarized in Table 
3.1. 
 
Litterbags were sampled at fortnight intervals, with one litterbag randomly selected 
from each plot. Un-decomposed material was carefully separated from the litterbags 
and roots and soil particles removed. The cleaned samples were put in paper bags and 
oven dried at 65oC to constant weight to determine the remaining mass.  Ash free dry 
mass (AFDM) was determined after a subsample of the dried material was oxidized 
(ashed) in a furnace at 450oC for 5 hours and re-weighed (Okalebo et al., 2002).  
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7.2.3 Nitrogen and phosphorus mineralization under laboratory incubation 
The soil used for the incubation studies was taken from the top 20 cm of the soil 
profile at the University of Fort Hare Farm. It was air dried and sieved to pass through 
a 2 mm mesh before it was used in the incubation experiments. Ground samples (< 1 
mm) of 0.2 g of mucuna, 0.35 g sunnhemp leaves, 0.35 g sunnhemp stems and a 
mixture of sunnhemp leaves and stems (0.175 g leaves and 0.175 g stems) were 
thoroughly mixed with 50 g air dry soil in 150 ml plastic bottles. A control with no 
plant material added was included. There were thus five treatments arranged in a 
randomised complete block design with three replications.  The plant/soil mixtures 
were randomly placed in an incubator set at 27oC. The same treatments were also later 
incubated at 15oC. There were 18 bottles for each treatment to allow weekly 
measurements for up to six weeks.   
 
The plant/soil mixtures were brought to 70 % field capacity and incubated at 27oC. 
Field capacity of the soil was determined as described by Okalebo et al. (2002). Soil 
water was maintained by periodic addition of deionized water. Three bottles for each 
treatment were removed from the incubator weekly for six weeks and analyzed for pH 
(2.5:1 deionized water to soil), inorganic nitrogen (NH4-N and NO3-N) as described 
by Okalebo et al. (2002) and extractable P by the Bray-1 method (NASAWC, 1990).  
Net mineralized nutrients were obtained by the difference between values of the 
control and the treated soil.  
  
7.2.4 CO2-C evolution under laboratory incubation 
In a separate study, mineralised C from the treatments described above was estimated 
using glass jars containing CO2 traps. Three replicates of jars with bottles containing 
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the soil mixture and the CO2 traps were sealed and incubated at 27oC. The CO2 
produced by the soil in each jar was trapped in 15 ml of 0.1 M NaOH and was 
removed on days 1, 5, 12, 19, 26, 33, 40, 47 and at 68 days. At each of the sampling 
days, the jars were taken out of the incubator and the traps removed and sealed (to 
avoid CO2 contamination). The jars were left with the lids off for approximately an 
hour to replenish oxygen. Traps with fresh NaOH solution were placed in the jars 
which were resealed and placed back into the incubator. Carbon dioxide released was 
determined by back-titration with 0.1 M HCI after addition of excess BaCl2 to the 
NaOH to precipitate the carbonates. The net CO2-C evolved was obtained by 
calculating the difference in the values of the control and the biomass treated soil. 
Cumulative mineralised CO2-C was calculated as the sum of all previous 
measurements. 
 
7.2.5 Data analyses 
Data was analysed as described in Section 5.2.5. 
 
 
7.3 Results 
7.3.1 Decomposition in litter bags 
There was a significant (P < 0.01) interaction between type of plant material and day 
of measurement with respect to mass of plant material remaining. Percent ash free 
material remaining over time decreased more in sunnhemp leaves and mucuna 
compared to sunnhemp stems (Fig 7.1).  Sunnhemp stems had about 65 % of ash free 
dry mass remaining at the end of the experiment after 132 days in the field. Mucuna 
and sunnhemp leaves had the highest k values compared to sunnhemp (Table 7.1). 
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Nitrogen and P concentration were higher in mucuna and sunnhemp leaves than in 
sunnhemp stems (Table 7.2). The C concentration was lowest in sunnhemp leaves for 
summer grown cover crops. The C/N ratio was highest for sunnhemp stems (36.5). 
With respect to other quality parameters such as lignin/N and (L+PP)/N sunnhemp 
stems had the highest values compared to the other plant materials used in this study 
(Table 7.2). Lignin content, C/N ratio, lignin:N and (L+PP)/N ratios explained the 
largest proportion of the variation in decomposition rate constants of the residues 
(Table 7.3). 
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Figure 7.1: Decomposition patterns for summer grown cover crops. Error bars 
represent the LSD (0.05). 
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Table 7.1: Average annual decomposition rate (k) for different cover crop species, 
according to the single exponential model (Olson, 1963). 
 
Cover crops Average annual decomposition rate (k) 
Mucuna 5.42 
Sunnhemp leaves 6.18 
Sunnhemp stems 1.18 
LSD (0.05) 0.72 
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Table 7.2: Some chemical composition and quality descriptors of plant materials used 
in the study. 
 Mucuna Sunnhemp stems Sunnhemp leaves 
C (%) 43.90 44.80 39.13 
N (%) 4.85 1.23 3.88 
P (%) 0.46 0.37 0.68 
C:N 9.06 36.54 10.09 
    
Total polyphenols (PP) % 0.66 0.16 0.34 
Lignin (%) 5.83 11.38 7.59 
Cellulose (%) 2.79 34.19 5.99 
Lignin:N 1.20 9.28 1.96 
PP:N 0.14 0.13 0.09 
C:P 0.01 0.01 0.02 
(L+PP)/N 1.34 9.41 2.04 
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Table 7.3: Coefficients of determination (R2) for linear regressions between some 
initial residue quality characteristics and rate of dry matter loss (k). 
 
 
* Significantly correlated at P < 0.05. 
** Significantly correlated at P < 0.01. 
 
7.3.2 Nitrogen and phosphorus contribution by the cover crops to maize growth  
There were no significant (P < 0.05) differences in N and P content and uptake 
between maize in control plots and maize grown on cover crop residues of either 
mucuna or sunnhemp. It was thus not possible to estimate possible N or P 
contributions by cover crops to the maize.  
 
 
7.3.3 N and P mineralisation 
Type of plant material significantly (P < 0.05) affected amount of N mineralised with 
mucuna, sunnhemp leaves, and the sunnhemp mix having in the greatest increase in 
mineral N. Sunnhemp stems  increased mineral N marginally in the six weeks of 
incubation (Fig 7.2). 
 
 Quality parameter 
    PP % Lignin 
% 
C:N Lignin:N PP:N (L+PP)/N 
Summer  
cover crops  
  0.39 0.71** 0.87** 0.85** 0.23 0.85** 
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Incubating the soil with plant materials significantly (P < 0.05) increased the amount 
of extractable P in the soil (Fig 7.3). However, the increase in extractable P differed 
with the type of plant material incubated. Only sunnhemp leaves gave a higher 
increase in extractable P than sunnhemp stems and the sunnhemp mix for the period 
between 3 to 6 weeks of incubation (Fig 7.3). Nearly similar trends in mineralization 
were onserved at 27oC and at 15oC. However, incubation at the lower temperature 
tended to lower amount on N or P mineralized (Fig 7.2 and 7.3).  
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Figure 7.2: Net mineralized inorganic N (NH4-N + NO3-N) from summer cover crops 
incubated at 27oC (A) and at 15oC (B) with soil under laboratory conditions. Error 
bars represent the LSD (0.05). 
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Figure 7.3: Net mineralized P from summer cover crops incubated at 27oC (A) and at 
15oC (B) with soil under laboratory conditions. Error bars represent the LSD (0.05). 
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7.3.4 CO2-C mineralisation and soil pH 
Sunnhemp leaves mineralised more C than the other cover crops at one and at four 
days of incubation (Figure 7.4). However, after a week of incubation, cumulative C 
mineralised was similar for sunnhemp leaves, sunnhemp stems and the mix. Mucuna 
evolved the lowest C amounts during the entire period of incubation (Figure 7.4). 
There was a significant (P < 0.01) interaction between type of plant material and day 
of measurement on pH. Incubation of soil with plant materials tended to reduce pH 
except for sunnhemp stems which maintained an essentially constant pH (Figure 7.5).  
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Figure 7.4: CO2-C released with time on a soil amended with summer cover crops. 
Error bars represent the LSD (0.05). 
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Figure 7.5: Effect of summer cover crops on soil pH on an incubated soil under 
laboratory conditions. Error bars represent the LSD (0.05). 
 
7.4 Discussion 
Greater mass loss of sunnhemp leaves and mucuna may be explained by the lower 
C:N ratios, lower lignin and cellulose contents in sunnhemp leaves and mucuna 
compared to sunnhemp stems. Daudu et al. (2006) observed that over 60 % of the 
applied plant materials (Leucaena leucocephala and Mucuna pruriens) decomposed 
after only one month of incorporation in the soil. In this study, over 70 % of the 
summer cover crop plant material still remained after a month in the field. Possible 
explanations for differences include dissimilar climatic conditions, with Nigeria 
having a much warmer climate than in the study area. A warmer climate may result in 
increase in the activity of soil microbes. Another possible explanation for differences 
in the rates of decomposition may be that, in this study, plant materials were not 
incorporated into the soil but were left in contact with the soil at the surface. Placing 
plant materials at the soil surface as opposed to incorporating into the soil reduces the 
surface area of plant materials in contact with soil macro and micro-fauna resulting in 
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lower rates of decomposition. Plant materials were not incorporated into the soil in 
this study following the practice in conservation agriculture where plant materials are 
not incorporated but are left on the soil surface to provide soil cover. The lower rates 
of mineralization at 15oC incubation temperature compared to 27oC are largely 
explained by the low temperature which may have reduced microbial activity. 
 
Nutrient release from decaying plant materials must be synchronized with nutrient 
uptake by a follow-up crop. After growing summer cover crops, land is usually left 
fallow during winter until the next summer season. As observed from the litterbag 
decomposition study, a fallow period of 5-6 months allows enough time for mucuna 
and sunnhemp leaves to decompose. The long fallow period allows weeds to grow 
which may actually benefit from nutrients from the decomposing cover crops. 
Efficiency of the system with respect to nutrient contributions to the maize next crop 
may be compromised this way. Rains received during the fallow period up to maize 
planting (about 254 mm) may also leach nutrients such as N. These reasons may also 
explain the lack of any observable N or P contribution by the cover crops to maize 
growth. 
 
In other parts of Africa, i.e Nigeria and Tanzania, mucuna, sunnhemp and other 
legume cover crops have been shown to improve soil N and making substantial 
nutrient contributions to maize growth (Ibewiro et al., 2000; Kalumuna et al., 2001). 
In these farming systems, the rainfall pattern is bimodal, having a shorter rain season 
followed by a longer rain season. Fast growing cover crops are usually planted in the 
short season with maize being planted immediately on arrival of the long season. This 
may explain why in these systems, summer cover crops contribute substantially to 
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maize growth since the period from cover crop termination to maize planting is much 
shorter. Under South African conditions, with a unimodal rainfall pattern, growing 
winter cash crops under irrigation may maximise nutrient uptake by crops from 
decomposing summer grown cover crops. 
 
Nitrogen mineralisation closely reflected field mass loss trends and chemical 
composition of the cover crops. Sunnhemp leaves were highly degraded by soil 
microbes as indicated by the rapid release of N and CO2. Sunnhemp stems did not 
result in any appreciable increase in mineral N, this may be explained by their high 
concentration of lignin and polyphenols leading to higher lignin plus polyphenols: N 
and C:N ratios.  
 
The persistence of sunnhemp stems may be useful in improving soil organic matter. 
They remained in the field long after the leaves decomposed. The reason why mucuna 
mineralized more N than the sunnhemp mix could be due to the presence of stems. 
These stems had a high C/N ratio and more lignified than the other materials thereby 
reducing its decomposition rate. It is probable that in the sunnhemp mix a large 
proportion of the mereralized N came exclusively from decaying leaves. Mucuna 
vines, which were analysed together with the leaves are not as woody and resistant to 
decomposition as sunnhemp stems.  
 
In this study, the incorporated plant residues tended to reduce soil pH. Changes in soil 
pH due to plant residue incorporation depend on the quality of residues, rate of 
application of the residues and the initial soil pH (Wong et al., 1998; Paul et al., 2001; 
Xu and Coventry, 2003). Soils with pH values greater than those of the residues 
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generally suffer a decrease in soil pH after treatment, while plant materials generally 
result in an increase in soil pH in acid soils (pH < 5). The soil pH at the start of the 
experiment was mildly acidic (pH = 6.1) and this may explain the decrease in soil pH 
observed in this study. This may result in soil acidification in the long-term. Farmers 
in Brazil have been reported to occasionally broadcast lime onto the cover crop mulch 
to reduce acidification. The acitivity of soil microbes the decompose the surface 
residue ensure that the lime mixes with soil (Derpsch, 1998). Decomposition of 
organic matter produces carbon dioxide and organic acids as intermediaries. As weak 
acids, during ionization protons (H+ ions) are produced. The H+ ions produced are 
responsible for increasing acidity in the surrounding environment. In cases where pH 
of the soil is increased, the buffering capacity of the soil is high and H+ ions produced 
are buffered or absorbed (Paul et al., 2001). 
 
7.5 Conclusions 
Mucuna and sunnhemp leaves decompose faster than sunnhemp stems. These cover 
crops also significantly increase mineral N and extractable P in the soil in laboratory 
incubation studies. However, in the field no significant N or P contributions are made 
to the succeeding maize crop. Sunnhemp stems provide soil cover where winter 
cropping is not done. The results imply that there could be leaching losses or N uptake 
by weeds after a long fallow period. This long fallows could lead to complete 
decomposition of mucuna and sunhemp leaves thus releasing nutrients in the soil 
before the next maize crop is planted and ready to take up nutrients. 
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8 EFFECTS OF RELAY UNDERSOWING SUMMER COVER CROPS 
ON COVER CROP BIOMASS YIELDS AND MAIZE 
PRODUCTIVITY IN A WARM-TEMPERATE REGION OF SOUTH 
AFRICA 
 
Abstract  
Little research attention has been given to growing summer cover crops compared to 
winter cover crops in South Africa. However, strategies for introducing summer 
grown cover crops on smallholder farms are not clear. Three cover crops (sorghum 
[Sorghum bicolor], mucuna [Mucuna pruriens] and sunnhemp [Crotalia juncea]) 
were relay-intercropped into maize 42 days after maize planting (DAS) to determine 
the effect of relay intercropping summer cover crops into maize on biomass yields, C 
and N uptake and maize productivity. Plots with sole crops of maize, sorghum, 
mucuna and sunnhemp were also included. The treatments were arranged in a 
randomised complete block design with three replications. Undersowing did not 
significantly (P > 0.05) affect maize biomass and grain yield. In sole cropping, 
sorghum produced the highest dry mass (11 t/ha) followed by sunnhemp (7.2 t/ha) and 
lastly mucuna (6.1 t/ha). However, sorghum experienced the largest drop in biomass 
when relay-intercropped with maize. Cover crops species had no significant (P > 
0.05) effects on C content, but significantly (P < 0.01) affected N content as well as 
the C/N ratio. Sorghum had the highest C uptake in sole cropping (4931 kg C/ha). 
However, in relay-intercrops C uptake was similar across the cover crop species. 
Mucuna resulted in the highest N uptake (271 kg N/ha) in sole cropping while 
sorghum had the lowest (88 kg N/ha). It was concluded that rotating maize with 
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mucuna or sunnhemp may provide a viable and beneficial rotation effect in 
smallholder irrigation cropping systems of South Africa which largely have maize 
monocultures. 
 
Key words: Biomass yield, mucuna, relay-intercropping, sorghum, sunnhemp.  
 
8.1 Introduction 
Legumes can supply N to an associated crop, although in the year of crop 
establishment, the supply is modest (Burity et al., 1989). Retention of stover greatly 
minimises soil loss, for example, the pineapple industry in the Eastern Cape Province 
of SA reduced loses from 48 t/ha to about 2 t/ha by retaining stover (Theron, 1988).  
According to Bembridge (1996) yields of the staple crop, maize are often less than 2 
t/ha on small-scale irrigation schemes in South Africa. This may be explained by low 
quantities of inorganic fertilizer used as a result of its high cost. At ZIS, an average of 
only 60 kg N/ha is used for maize production (Mkhabela, 2003; Fanadzo et al., 2010). 
The available nutrient status of cultivated soils in the smallholder irrigation sector has 
been shown to range from low to very low. This has been attributed to low soil 
organic matter levels and low geological reserves of some nutrients notably 
phosphorus (P), potassium (K), and calcium (Ca), coupled with continuous cultivation 
of the lands without adequate nutrient replenishment (Mandiringana et al., 2005). 
 
Cover crops may be required to provide various services. With respect to smallholder 
agro-ecosystems, these services include high biomass production to improve soil 
organic carbon and smother weeds. Improving nutrient cycling of important nutrients 
such as N is also critical in smallholder agro-ecosystems in the EC. Elsewhere, 
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nitrogen-fixing cover crops have been shown to reduce nitrogen fertilizer needs of the 
subsequent maize crop by 18 to 36 kg N/ha (Jeranyama et al., 2000). Strategies for 
establishing the summer cover crops are not clear as well as the cover crop species to 
grow. Relay intercropping into a summer crop may allow the cover crop to use most 
of the residual moisture after the rainy season. Snapp et al., (2002) reported that 
farmers could relay intercrop Tephrosia vogelii into maize without sacrificing maize 
grain yield in studies done in Malawi. Relay intercropping maize with legume tree 
species has been promoted in agroforestry systems (Nair, 1993). It has been reported 
that Mucuna produced 2.6–7.9 t/ha of dry matter, accumulating 80–200 kg N/ha, and 
derived approximately 34–108 kg N/ha from the atmosphere (Kaizzi et al., 2006) in 
relay intercropping. 
 
Manipulating the temporal and spatial arrangement of component crops can reduce 
competition in relay intercropping systems. Vissoh et al. (2007) recommended that 
mucuna could be relay intercropped at 40–45 d after planting (DAP) maize, just after 
weeding without reduction of maize yields in West Africa. Akanvou et al. (2002) 
concluded that the optimum sowing time for Cajanus cajan was between 30 and 35 
days after rice sowing. In a study in Kenya, sowing mucuna and crotalaria (Crotalaria 
ochroleuca) two weeks after maize planting reduced maize yields by about 33 % in 
the short rain season, however, yield increases in maize of about 1.6t/ha were reported 
in the subsequent long rain season (Mureithi et al., 2005). Undersowing planting 
mucuna between two maize rows has been shown to reduce competition between 
component crops (Gitari et al., 2000; Kaizzi et al., 2006; Vissoh et al., 2007). 
Preventing mucuna from intertwining with maize stalks could also reduce smothering 
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of the maize crop. On sites where mucuna was allowed to intertwine with maize, 
maize yield losses ranging from 17 – 26 % were reported (Kaizzi et al., 2006).  
 
Mucuna prureins is known to produce high biomass, which also controls weeds and 
accumulates nitrogen levels (Jeranyama et al., 2000; Mureithi et al., 2005; Kaizzi et 
al., 2006; Vissoh et al., 2007;). Cereal crops such as sorghum or pearl millet may 
provide biomass which decomposes slowly because of a high C/N ratio and thus may 
be more suitable for weed control, soil moisture conservation and increasing soil 
organic matter. The objective of this study was to determine the effect of relay 
intercropping summer cover crops into maize on cover crop biomass production and 
maize productivity. 
 
8.2 Materials and method 
The study was done at the University of Fort Hare Research Farm in the 2008/09 
summer season (October – April).  
 
8.2.1 Treatments and experimental design  
Three cover crops (sorghum [cv. superdan], mucuna [cv. common], and sunnhemp 
[cv. common]) were undser-sown into maize 42 days after maize planting (DAS). 
Maize was planted on the 14th December 2008. Sole plots with maize, sorghum, 
mucuna and sunnhemp were also included. The two factors, cropping system (sole 
and relay intercropping) and cover crop species were arranged as a factorial in a 
randomised complete block design with three replications. The maize variety used, 
PAN 6479, is a medium maturing variety (Pannar, 2007)  
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In intercrop the cover crops were undersown between maize rows (1:1 arrangement). 
In sole crops maize, sorghum, mucuna and sunnhemp were sown at an inter-row 
spacing of 0.3 m. Individual plots were 9 m X 6 m including a 2.7 m X 4 m area for 
non-destructive measurements and final harvest. All plots with maize had ten rows, 
with an inter-row spacing of 0.9 m and an in-row spacing of 0.27 m achieving a plant 
population of 40 000 plants/ha, which is the farmer practice. Mucuna and sunnhemp 
seed were inoculated with Rhizobium legunominosarium (Stimuplant CC, 
Zwavelpoort 0036, SA) at planting. Seeds were coated by mixing with slurry 
containing the inoculant, water and a sticker (methyl cellulose). After drying, in the 
shade, seeds were sown immediately in the field. Sole sunnhemp and sole mucuna 
were both planted at a seed rate of 50 kg/ha. Sorghum in sole plots was planted at 20 
kg/ha while in the intercrop plots a seed rate of 4.3 kg/ha was used. 
 
Maize was planted using matraca planters (Farmarama, East London, SA). Fertilizer 
was applied at a rate of 60 kg N/ha, a third of the N was applied at planting as a 
compound 2:3:2 (22) and the rest as lime ammonium nitrate (LAN) (28 % N) at 35 
DAS by banding along maize and sorghum rows. Weed control was done by hand 
hoeing just before the cover crops were relayed into the maize plots. Legume cover 
crops received 10 kg P/ha applied as a compound 2:3:2 (22) in sole and intercrop. 
Fertilizer rates mimicked farmer practice. Supplementary irrigation for the maize crop 
was based on Class A evaporation pan readings and, amounts of irrigation applied are 
summarized in Table 8.1. Control of maize stalk borer (Busseola fusca) was done by 
applying bulldock in all plots. All cover crops were terminated at flowering just 
before they produced viable seed. This was done by rolling the cover crop and 
applying glyphosate at a rate of 5 l/ha. 
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8.2.2 Measurements  
Maize dry mass were determined at 34, 58 and 72 days after sowing (DAS) by oven 
drying to a constant weight at 65oC. Two plants per plot were sampled destructively 
by cutting at their base near the soil surface, for the last sampling only one plant was 
sampled per plot. Cover crop above-ground biomass was destructively sampled at 30 
and 60 days after sowing cover crops by cutting a length of 0.35 m of the cover crop 
row near the soil surface. Samples were oven dried to a constant weight at 65oC. 
Cover crop shoot dry mass determined on the same days as the maize sampling. 
Plants were oven dried on the same day they were sampled. Weeds were sampled 
destructively and dried to constant weight at 65oC after which dry mass were 
determined. Final cover crop N and C content was determined using the LECO C/N 
analyser (LECO Corporation, 2003) after plant material was ground to < 1 mm. Total 
C and N uptake was taken as the product of the C or N content (%) and final dry mass 
(kg/ha) produced by the cover crop biomass. Percentage of symbiotically fixed N was 
estimated for mucuna and sunnhemp by the total N difference method as described in 
Section 3.2.2. Sorghum was used as the reference crop. At harvesting, the net plot 
(10.8 m2) was used for measuring maize grain yield (kg/ha) and yield components 
(grains/cob and one thousand seed mass). 
  
8.2.3 Data analyses  
Aggressivity (Aab) and the partial land equivalent ratios (PLER) were calculated as 
described in Section 6.2.4. The measured variables (cover crop dry mass, maize dry 
masss, weed dry mass, maize grain yield and yield components, PLER and Aab) were 
analysed by analysis of variance (ANOVA). The Genstat Statistical Package Release 
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7.1 was used for the analysis while, mean separations were done using the least 
significant difference (LSD).  
 
8.3 Results 
 
8.3.1 Maize, cover crop and weed dry mass 
Relay intercropping did not significantly affect maize growth at all the measurement 
periods. Final maize biomass produced was 13 t/ha (Figure 8.1). With respect to cover 
crop dry mass, there was a significant interaction between cropping system and 
species at 30 and 67 DAS. In sole cropping, sorghum produced the highest dry mass 
(11 t/ha) followed by sunnhemp (7.2 t/ha) and lastly mucuna (6.1 t/ha). However, 
sorghum experienced the largest drop in biomass when relay-intercropped with maize 
(Figure 8.2). Cropping system was the only factor to significantly (P < 0.01) affect 
weed dry mass. Sole crop plots had lower weed dry mass (1561 kg/ha) compared to 
intercrop plots (3628 kg/ha). 
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Table 8.1: Mean monthly temperatures, rainfall and irrigation at the UFH Research 
Farm from November to April in the 2008/09 season.  
 Temperature (oC) Rainfall (mm) Irrigation 
(mm) 
 2008/09 28-
year 
mean 
C.V 
(%) 
2008/09 28-
year 
mean 
C.V 
(%) 
2008 
/09 
Nov 20.2 19.2 4.88 65.2 83.4 67.79 - 
Dec 20.4 21.1 5.10 55.2 72.0 69.78 40 
Jan 22.6 22.2 2.98 57.5 64.0 50.71 60 
Feb 22.0 22.5 3.64 122.4 66.3 40.59 30 
Mar 21.3 21.0 4.44 39.2 66.1 54.41 20 
April 18.1 18.3 6.29 62.4 48.2 78.92 - 
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Figure 8.1: Maize growth in 2008/09 summer season, means across different 
intercrop species are presented. Error bar represents the LSD (0.05).  
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Figure 8.2: Cover crop biomass production from sorghum, mucuna and sunnhemp 
under sole cropping and intercropping. Error bars represent the LSD (0.05).  
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8.3.2 Grain yield and yield components 
Maize yield and yield components (cob length, 1000 seed weight and number of 
grains/cob) were not affected by cropping system (Table 8.2). Partial land equivalent 
ratios were statistically similar across cropping system. Maize was more aggressive 
than the all the cover crop species in the study. Maize however, tended to be more 
aggressive with sorghum compared to mucuna or sunnhemp (Table 8.2).  
 
Table 8.2: Effects of relay intercropping with different cover crops on maize yield 
(kg/ha) and yield components. 
  
 
PLER – partial land equivalent ratio. 
Aab – aggresivity. 
 
 
 Maize/ 
sorghum 
Maize/ 
mucuna 
Maize/ 
sunnhemp 
Sole 
maize 
LSD 
(0.05) 
Cob length (cm) 20.28 20.11 20.00 19.94 2.18 
Grains/cob 613 515 575 612 242 
1000 seed mass(g) 430 431 454 418 87.1 
Maize yield (kg/ha) 6113 6234 5426 5345 1098 
PLER 1.14 1.16 1.02  0.91 
Aab 2.18 1.64 1.36  0.61 
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8.3.3 Carbon and nitrogen uptake by cover crops 
Cropping system had no significant (P > 0.05) effect on C and N content as well as 
the C/N ratio. Cover crops species had no significant (P > 0.05) effect on C content, 
but significantly (P < 0.01) affected N content as well as the C/N ratio. Mucuna had 
the highest N content and lowest C/N ratio while sorghum had the lowest N content 
and the highest C/N ratio (Table 8.3).  
 
There were significant (P < 0.01) interactions between cropping system and cover 
crop species on C and N uptake. Sorghum resulted in the highest C uptake in sole 
cropping, however, in relay-intercrops C uptake was similar across the cover crop 
species (Figure 8.3). Mucuna resulted in the highest N uptake in sole cropping. 
Magnitude of differences in N uptake was less for under-sown cover crops compared 
to sole crops (Figure 8.4.). 
 
There were significant (P < 0.05) interactions between cropping system and cover 
crop species on amount of biologically fixed nitrogen. Legumes in sole plots fixed 
greater amounts of N compared to relay intercropped legumes. Mucuna fixed more N 
than sunnhemp in sole plots. However, in relay intercropped plots, amount of N fixed 
between mucuna and sunnhemp was similar (Figure 8.5). Mucuna also had a 
significantly (P < 0.01) higher proportion of total N (NdA %) derived from the 
atmosphere, 76 %, than sunnhemp which had 65 % of the total N derived from 
biological nitrogen fixation.  
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Table 8.3: Carbon and nitrogen concentrationt and the C/N ratio of sorghum, mucuna 
and sunnhemp in the 2008/09 season.  
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Figure 8.3: Cropping system and cover crop species effects on total carbon uptake in 
the 2008/09 summer season. Error bar represent the LSD (0.05). 
 
 Sorghum Mucuna Sunnhemp LSD (0.05) 
C (%) 
43.7 42.69 43.95 1.53 
N (%) 0.81 4.41 2.96 0.34 
C/N ratio 54.34 9.73 15.33 3.23 
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Figure 8.4: Cropping system and cover crop species effects on total nitrogen uptake 
in the 2008/09 summer season. Error bar represent the LSD (0.05). 
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Figure 8.5: Cropping system and cover crop species effects on amount of biologically 
fixed nitrogen. Error bar represent the LSD (0.05). 
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8.4 Discussion 
The dominance of maize over the legume cover crops in intercrop could probably 
largely be explained by the fact that the cover crops were introduced at 42 DAS after 
the maize had established itself. Maize tended to be more aggressive with sorghum 
compared with the other cover crops, probably because of the similar morphology of 
the two crops, both being grasses and C4 plants, resulting in competion for resources 
from the same space. Intercrop species usually have dissimilar morphology and 
physiology to allow complementarity of resource utilization (Walker and Ogindo, 
2003). In this study, mucuna and sunnhemp relay-intercropped with maize at 42 DAS 
produced yields of 1.6 t/ha for mucuna and 1.5 t/ha for sunnhemp. In separate studies, 
mucuna relay-intercropped with maize at 28 DAS produced up to 2.9 t/ha biomass in 
Zimbabwe (Jeranyama et al., 2000). While maize and mucuna or sunnhemp have 
different morphologies, the advanced growth of maize may have played an important 
part in reducing cover crops biomass yields. Time of introducing the cover crops 
could probably be a significant factor affecting cover crop biomass production.  
 
The large biomass and high C/N ratio from sorghum may make it persistent and able 
to increase soil organic matter making it suitable for limiting soil erosion and land 
degradation by enhancing soil organic matter and other soil quality parameters (Ruffo 
and Bollero, 2003). Besides reducing land degradation, sorghum may be able to 
suppress weeds as well as conserve soil moisture conservation (Berry et al., 1987). 
However, with a high C/N ratio of over 50, sorghum as a cover crop, may not 
contribute much in terms of N to the succeeding crop. A C/N ratio above 25 is known 
to increase potential for N immobilisation in the soil (Nair, 1993; Sainju et al., 2005). 
From the results of this study, relay intercropping sorghum into maize drastically 
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reduces total biomass production by sorghum. Producing sorghum as a cover crop in 
sole may result in high biomass production, while other intercropping strategies such 
as strip-intercropping may need to be investigated if they are able to produce higher 
cover biomass yields without drastically reducing maize yields. 
 
With respect to sole cropping, mucuna and sunnhemp had significantly higher final N 
uptake compared to sorghum. Using the N difference method (Giller, 2001; Anthofer, 
2005), this may suggest that mucuna and sunnhemp were able to fix about 180 kg 
N/ha and 100 kg N/ha respectively. This nitrogen may be potentially available to the 
follow up crop if nutrient release from the decaying cover crops is synchronised with 
uptake by the follow-up crop. Other studies have shown that both mucuna and 
sunnhemp are able to improve N availability to a follow-up crop (Jeranyama et al., 
2000; Kalumuna et al., 2001; Ibewiro et al., 2004;). Nitrogen uptake by mucuna and 
sunnhemp in relay-intercrop was very low compared to the sole crops, and N 
contribution to a follow up crop may be limited. Most smallholder irrigation cropping 
systems in South Africa have maize monocultures without any rotations (Fanadzo et 
al., 2010). In such systems rotating maize with mucuna or sunnhemp may provide a 
viable and beneficial rotation. However, most smallholder farmers may not have the 
luxury of growing a summer cover crop at the expense of the staplr crop because of 
limited land resources.  
 
Cover crops in intercrop managed to increase biomass yield by 1 t/ha while total 
biomass yields (maize biomass + cover crop biomass) for each plot averaged 14 t/ha. 
An enduring soil cover with a thick layer of biomass as mulch has been a key factor 
for success of no-tillage systems. According to Derpsch (1998) farmers in Latin 
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America aim at having at least 6 - 10 t/ha/yr of dry matter from cover crops and cash 
crops (Derpsch, 1998). These amounts of biomass yield are said to have good weed 
suppression; improve chemical, physical and biological soil properties (Derpsch, 
1998).  
 
Maize straw is known to have a high C/N ratio, over 50 (Paré et al., 2004), which is 
known to result in immobilisation. Research elsewhere has shown that to increase N 
content or reduce C/N ratio of non-legume crops legumes are mixed with non-
legumes as bicultural treatments because non-legume cover crops, such as rye, 
typically have low N content or high C/N ratio and thus have little effect on soil N 
availability and crop yields (Clark et al., 1994). Because of higher biomass yield and 
C and N contents, biculture of hairy vetch and rye cover crops may increase N supply, 
and N uptake compared with rye and may increase potentials to improve soil organic 
matter and reduce N leaching compared with vetch (Vaughan and Evanylo. 1998). In 
this study the very low legume biomass yields (1.5 t/ha) compared to maize (13 t/ha) 
may mean that the legume will not drastically reduce the C/N ratio of the total 
biomass produced by the system and may not make substantial N contributions to the 
subsequent crop.  
 
8.5 Conclusions 
Relay intercropping sorghum, mucuna and sunnhemp into a maize crop at 42 days 
after maize sowing drastically reduces above ground cover crop biomass yields. 
Maize biomass and grain yields are not reduced by relay inter-cropping cover crops at 
42 DAS. More research on the best time for introducing cover crops into a maize crop 
may be required.  
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9 GENERAL DISCUSSION, CONCLUSIONS AND 
RECOMMENDATIONS 
 
 
9.1 Introduction 
This chapter is a synopsis of the whole study in relation to the objectives, the major 
findings, conclusion and recommendations. Firstly, the main objectives of the study 
are revisited and the major findings of the study presented briefly. Thirdly the major 
conclusions are also presented. Lastly, a section on recommendations for further 
research and for farmers who may want to grow cover crops in the study area are 
presented.  
 
9.2 Discussion 
The ‘niche area’ for this study or the recommendation domain is the smallholder 
irrigation sector (SIS). Literature review showed that the SIS in South Africa has 
faced numerous challenges that have resulted in low cropping intensities as well as 
low productivity (Bembridge, 2000). Conservation agriculture is being promoted as a 
technology that will promote increased productivity with low external inputs. 
Previous studies and demonstrations in the Eastern Cape by the Department of 
Agriculture in CA had seemingly failed. The single most important factor implicated 
for this failure was poor biomass production by the cover crops.  
 
The low biomass produced by the cover crops did not result in the benefits of CA that 
have been reported elsewhere. Because of the low biomass production, maize drilled 
into the soil, suffered serious weed problems. Conservation agriculture benefits 
reported elsewhere such as improved soil fertility, soil water conservation and 
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increased incomes were not observed. Previously, cover crop selection was not 
informed by clear objectives to be achieved. Cover crops which are better adapted to 
the warm-temperate climate in the Eastern Cape were therefore required. Cover crop 
fertilization was also evaluated as a strategy to improve biomass production. Soils 
with inherent low soil fertility may limit cover crop biomass production (Derpsch, 
2003). The study also quantified some of the benefits achieved by the different cover 
crops species, with respect to weed control, soil fertility improvement, soil water 
conservation, maize yields and economic returns. This study therefore investigated 
biomass production by different winter and summer cover crop species with a view to 
come up with a workable CA system that enhances maize yields with some of the CA 
benefits reported elsewhere. 
 
Oats, grazing vetch and forage peas produced high biomass yields of 13873 kg/ha, 
8945.5 kg/ha and 11073 kg/ha respectively, averaged over the two seasons. The 
biomass yields from these cover crops resulted in other secondary benefits on the 
subsequent maize crop. The biomass yields obtained from lupins were too low to 
sustain any meaningful CA technology in the study area. Derpsch (2005) reported that 
farmers in Brazil aim to achieve biomass yields of between 6 – 10 t/ha to ensure 
success of CA systems through weed suppression and reducing soil erosion. Vagen et 
al. (2005) concluded that biomass yields of at least 5.3 t C ha/yr were able to increase 
soil organic matter (SOM). In this study C uptake by oats and grazing vetch were in 
the range of 5 t C/ha or even greater for oats, implying that these cover crops may 
substantially increase SOM. It may also be important to note that oats responded to 
fertilization more compared to the legume cover crops. Biomass yields for oats grown 
in highly degraded soils, with critically low soil nutrients and organic matter, may be 
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fertilized to increase the soil organic matter levels before other cover crops may be 
recommended.  
 
When introducing CA technologies to a particular area, there should not be an 
overreliance on one particular cover crop species. The cover crops may need to be 
rotated to avoid weed, pests or disease build-up. In this study, serious pest and disease 
problems were not observed. Ability to produce high biomass yields and also control 
winter weeds by actively growing cover crops and also ability to control weeds as 
residues in a summer maize crop are major considerations. Oats and grazing vetch 
were more superior to faba bean and lupins with respect biomass yields. Forage peas 
were not as effective as oats and grazing vetch in controlling weeds but were able to 
produce a lot of biomass. Forages peas may therefore be an option in the later cycles 
of growing cover crops because of its high biomass production.  This is because weed 
dry masss drop from the initiation of CA onwards, as observed in this study and 
elsewhere (Bàrberi and Mazzoncini, 2001). It has also been observed that to restrict 
the build-up of pests and soil-borne diseases cover crops must be rotated (Fourie et 
al., 2001). It is therefore important to have a variety of species for cover cropping. 
While oats and grazing vetch maybe used in the initial stages of introducing CA, as 
weed densities decrease because of CA, forage peas may be a viable alternative in the 
rotation of cover crops because of its high biomass production. 
 
In the small-holder sector grazing of cover crops by animals, may reduce the total 
amount of biomass that can be used as a mulch. This in-turn will also reduce the 
potential N that is available to the succeeding crop. Plots on irrigation schemes in SA 
are fenced which allows farmers on these schemes to grow winter cash crops such as 
cabbages and they are also able to limit or stop any grazing that can occur on their 
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winter crops. These farmers can therefore grow winter cover crops without the cover 
crops being grazed. Research effort may also be needed for integrated cover crop-
livestock production systems as most famers own ruminants such as cattle, goats and 
sheep. During the dry periods, when cover crops are grown, farmers may want to let 
their animals graze the growing cover crops. Cover crops with ability to produce high 
biomass yields even after grazing may be important in these systems. Effects of the 
frequency and intensity of grazing over cover crops by farm animals on final biomass 
production, weed control and nutrient contributions to a succeeding crop may be 
issues that require further investigation.  
 
Summer cover crops produced much lower biomass yields (> 3 t/ha) when strip-
intercropped or relay-intercropped with maize compared to the sole crops. These 
biomass yields were not able to result in any meaningful contribution to a subsequent 
crop in terms of enhancing the soil mineral N status as well as weed control. The low 
biomass yields coupled with long fallow periods may explain the lack of benefits 
derived from growing summer cover crops. In other systems (Jeranyama et al., 2000; 
Lupwayi et al., 2000), summer cover crops yielded higher biomass yields in maize 
intercrops and were able to make meaningful N contributions to the subsequent crop. 
The time of introducing cover crops into a maize crop is one factor that may explain 
the differences in biomass yields in relay intercrop systems. Also, the winter in the EC 
is relatively wetter allowing weeds to grow and take up any nutrients released from 
decomposing summer cover crops. Further research on optimising the time of 
introducing summer cover crops into a maize crop may be necessary to increase 
biomass yields. In contrast to intercropped summer cover crops, sole crops produced 
high biomass yields (up to 9 t/ha). It was not a major objective of this study to 
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determine biomass yields of summer cover crops in sole cropping. However, the high 
biomass yields obtained by summer cover crops in sole cropping may have 
implications on how summer cover crops may be better utilized in the system. The 
growing of winter cash crops after a summer cover crop may offer as much benefits to 
the winter cash crop as those experienced with maize growing on grazing vetch 
residues. More research on the may however be necessary.  
 
 
Oat and gazing vetch residues resulted in improved weed control and soil moisture 
conservation. This was probably related to the high biomass produced by these cover 
crops. Teasdale (1996) reported that high biomass production had a significant 
correlation to weed control. Intercropping maize with summer cover crops was not 
able to reduce weed densities in the subsequent crop. The farming system which 
allows a long fallow period may explain this. Soil moisture was not measured in the 
strip-intercropping study. However, maize grain yields were reduced in a drier year 
where irrigation problems were experienced. Increased competition for water between 
the maize and the cover crops may explain the low maize yields. 
 
For winter grown cover crops, mass loss over time (decomposition) was in the order 
grazing vetch > forage pea > oats. The higher C:N ratio, higher lignin and 
polyphenols in oats were significantly associated with its lower rate of decomposition. 
After a month of exposure in the field, grazing vetch had lost about 50 % of its 
original weight, forage peas about 42 % while oats lost about 35 % for the same 
period. The fast decay observed immediately after placing plant materials in the field 
may be explained by leaching of water soluble constituents of the plant materials 
(Ibewiro et al., 2000). Initial mass loss was much lower (30 %) for summer-grown 
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cover crops. The difference in the time of placing the litter bags for summer and 
winter cover crops may explain the differences in decomposition rates for the two 
types of cover crops. Summer-grown cover crops were left to decay during the 
autumn and winter months which experience much lower rainfall and temperatures 
than the summer. Winter grown cover crops on the other hand, were left to decay in a 
much warmer and wetter environment and this may have led to their faster rates of 
decomposition. The rate of decomposition includes the effects of the environment (air 
temperature and precipitation) and the bio-chemical composition of the plant 
materials (Ruffo and Bollero, 2003). The higher temperatures and moisture in summer 
may encourage more activity by soil organisms resulting in higher decomposition 
rates. The limitation of using fewer plant samples per plot when determining maize 
dry weight, in increasing the error, is acknowledged. However, care was made during 
sampling to collect representative samples.  
 
Grazing vetch improved soil mineral N, maize dry mass accumulation and N uptake 
by maize. These benefits may prove to be very important in systems where farmers 
only apply at most 60 kg N/ha to their maize crop. One particularly interesting result 
from this study was that unfertilized maize grown on grazing vetch residues had 
higher yields compared to fertilized maize plots with either oats or lupin residues. 
This may imply that decomposing grazing vetch residues were able to compensate for 
the lack of maize fertilization by releasing mineral N and modest extractable P 
amounts. While grazing vetch performed well in on-station trials there may be a need 
to move a step further with the research, where optimal N management regimes need 
to be elucidated. Grazing vetch contributes N to the succeeding crop but how much 
extra N may need to be added to the maize to maximize yields and gross margins may 
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need further study. Miguez and Bollero (2005) have shown that while legume winter 
cover crops increased N uptake and yield in maize when no nitrogen was applied, this 
benefit decreased with application of fertilizer. It may therefore be envisaged that less 
fertilizer application may be required to maximize economic returns of maize growing 
on grazing vetch residues.  
 
While winter legume cover crops such as grazing vetch were able increase soil 
inorganic N levels. Summer cover crops grown in association with maize did not 
result in an improved soil inorganic N in the subsequent season. While both the winter 
and summer legumes had low C/N ratios (< 16) the low summer cover crop biomass 
yields and the farming system employed could largely explain the differences 
observed in the performance of winter and summer cover crops. Winter legumes were 
grown as sole crops and produced more dry mass per unit area and also N uptake was 
much greater. For winter legumes, only one month after the termination of the cover 
crops, maize was planted in the residues. However, summer legumes produced lower 
biomass yields per unit area when grown in association with maize. The summer 
legumes also were left in the field for a long fallow period of up to six months. A 
fallow of 5-6 months could have allowed enough time for the legume cover crops to 
decompose and release nutrients and also allowed weeds to grow which may have 
taken up nutrients compromising the efficiency of the system with respect to nutrient 
contributions to the next maize crop. Nutrient release from decaying plant materials 
must be synchronized with nutrient uptake by a follow-up crop. Rains received (255 
mm) during the fallow period may also leach nutrients such as N. Legume cover crops 
have been reported to improve soil N and making substantial nutrient contributions to 
maize growth in Nigeria and Tanzania (Kalumuna et al., 2001; Ibewiro et al., 2004). 
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Farmers are often unwilling to make large economic investments to cover crops 
because of the lack of cash and limited access to credit. From the results of this study, 
grazing vetch produced high biomass yields with little or no fertilizer inputs. On the 
other hand, while oats produced the highest biomass yields, of up to 14 t/ha, they 
required some investment in fertilizer (45 kg N/ha) to achieve this yield. Another 
advantage of grazing vetch over oats was the higher N uptake of 345 kg N/ha 
compared to oats which took up 253 kg N/ha. This higher N uptake by grazing vetch 
which was able to fix approximately 112 kg N/ha which translated to 400 kg AN (28 
% N) with a current market value of US$220.00. In low external input systems that 
are found in most smallholder irrigation schemes, this may be very significant as 
farmers are known to apply meagre fertilizer amounts, about 60 kg N/ha to their 
summer maize crop (Fanadzo et al., 2010). 
 
Costs for growing winter cover crops ranged from US$350/ha for the Control-R4 to 
US$670/ha for grazing vetch-R4 to US$1050 for the oats-R1 treatment (Appendices 
7, 8 and 9). Oats were more expensive to produce because of the need for substantial 
fertilization to ensure high biomass production. This may make it unfavourable for 
resource-limited farmers. The low production costs for grazing vetch coupled with 
high yields for unfertilized grazing vetch resulted in the greatest GM and B:C ratios. 
This makes grazing vetch particularly favourable for farmers in low external input 
systems.  
 
In the strip-intercropping study, increased competition from cover crops may have 
reduced maize productivity (lower 1000 seed weights, final yield and PLER) in the 
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3:2 pattern. The yield reduction in the 3:2 pattern was much greater in the relatively 
drier 2007/08 season. Farmers may not be willing to compromise yield of the staple 
crop, when cover crops are strip intercropped with maize. In the absence of water 
stress, the 3:2 pattern would maximise sunnhemp biomass production without 
negatively affecting maize grain yield as shown by a high maize PLER (0.98) in the 
second season. Sunnhemp was more aggressive than maize in this study, if equal 
proportions of land area had been used for sunnhemp and maize in the intercrop, 
maize yields may have been drastically reduced. In the relay intercropping trial, maize 
grain yield was unaffected by cover crops introduced at 42 days after sowing. At the 
same time cover crop biomass yields were low. The use of summer cover crops in this 
study did not enhance subsequent maize productivity. As a result of this, the net 
income for an enterprise using summer covers crops, as in this study, will be reduced.  
Farmers may therefore not be willing to invest in summer cover crops.  
 
Farmers in low external input production systems, such as those in South Africa’s 
smallholder irrigation schemes, will demand multiple benefits from cover crops. 
Reduction of land degradation may not necessarily be their overriding concern. The 
contribution of cover crop residues to overall crop productivity is of particular 
importance to these farmers. Grazing vetch fixed approximately 111.5 kg N/ha which 
may translate to about 400 kg lime ammonium nitrate (28 % N) with a current market 
value of about US$220.00. The combined effect of grazing vetch residues on soil N 
improvement and weed suppression resulted in the highest benefit to cost ratio of 1.9 
when maize was planted without fertilization. This may make grazing vetch 
particularly more attractive than oats since oats require a significant investment in 
fertilizers while grazing vetch require less fertilization for its growth. However, 
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smallholder irrigation farmers maybe reluctant to plant any crop that will not yield a 
food, feed or cash harvest. To them it may be a luxury to plant a cover crop without 
any direct harvest. One alternative would be to graze these cover crops, leaving some 
residue on the surface and leaving roots in the soil - which would give a good part of 
the N benefit after a legume. Performance of cover crops in integrated crop/livestock 
systems may require further study. Using some cover crops that have a food/cash 
harvest such as soyabeans and cowpeas is also a viable option.  
 
9.3 Conclusions 
Oats, grazing vetch and forage peas produce high biomass yields compared to lupins 
and faba beans. Oats respond to fertilization while grazing vetch does not. Oats and 
grazing vetch are able to effectively smother weeds during their growth and reduce 
weed species diversity. Oat and grazing vetch residues conserve soil water although 
they appear to lower soil water at deeper soil depths (>10 cm) for the period before 
planting maize. Grazing vetch and forage pea residues improve soil mineral N. Oats 
and grazing vetch residues restrict weed growth and lower weed species diversity. 
Lack of maize fertilization reduces maize yields; however, grazing vetch is able to 
compensate the lack of fertilization. Grazing vetch and forage peas decompose faster 
than oats increasing mineral N and extractable P compared to oat residues. Grazing 
vetch substantially contributes N to a succeeding maize crop compared to oats.  
 
The 3:2 intercropping pattern maximizes cover crop biomass production compared to 
the 6:2 and 4:2 pattern. The 3:2 strip intercropping pattern slightly depresses yields, 
however, yield reduction is more pronounced in a water stressed season. Growing 
maize on previous summer cover crop strips may not increase maize productivity. 
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Mucuna and sunnhemp leaves decompose faster than sunnhemp stems. These cover 
crops also significantly increase mineral N and extractable P in the soil in laboratory 
incubation studies. However, in the field no significant N or P contributions are made 
to the succeeding maize crop. A long fallow period allows mucuna and sunnhemp leaf 
decomposition to be completed well before maize planting in the following summer 
season. Weeds may utilise the released nutrients while some quantities could be 
leached impacting negatively to nutrient flow from decaying cover crops species to 
maize. Relay intercropping sorghum, mucuna and sunnhemp into a maize crop at 42 
days after maize sowing drastically reduces above ground cover crop biomass yields. 
Maize biomass and grain yields are not reduced by relay inter-cropping cover crops at 
42 DAS. More research on the best time for introducing cover crops into a maize crop 
may be required. 
 
In the smallholder irrigation sector of SA, CA systems which make use of the winter 
fallow period to grow winter cover crops such as grazing vetch benefits the 
succeeding maize crop. The benefits may include soil water conservation, improved 
soil mineral N, weed suppression, enhanced maize productivity and net income. 
However, CA systems in which summer cover crops are grown alongside the maize 
crop with a long winter fallow period may not produce the intended CA benefits. 
 
9.4 Recommendations 
The following recommendations can be made from the results of this study: 
1. Farmers may use oats and grazing vetch high biomass, C and N yields, and 
winter weed control.  
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2. Use of grazing vetch may may benefit smallholder farmers since it results in 
the highest economic returns with minimal fertilizer inputs during cover crop 
growth and maize growth.  
3. Farmers growing maize on oats residues may need to apply  more fertilizer 
than maize growing on legume cover crops.  
4. Planting summer cover crops and allowing a winter fallow period offer little 
opportunity for farmers who may wish to improve soil mineral N for a maize 
crop in the following summer.  
 
Recommendations for further research: 
1. More studies on fertilizer management for crops growing on oat and grazing 
vetch residues may be required.  
2. Growing summer legume cover crops with view of planting winter food/cash 
crops may offer better prospects for optimizing nutrient release and uptake by 
crops in smallholder cropping systems. However, more research on this may 
be required.  
3. Performance of cover crops in integrated crop/livestock systems may require 
further study. In particular, effects of the frequency and intensity of grazing 
over cover crops by farm animals on final biomass production, weed control 
and nutrient contributions to a succeeding crop may be issues that require 
further investigation. 
4. Research on-farm to include farmer evaluation need to be conducted. 
5. More research on cover crops with direct food and/or economic benefits is 
needed.  
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APPENDICES 
 
Appendix 1: Chapter Three analysis of variance (ANOVA) tables 
 
Final cover crop dry mass combined for the winter 2007 and 2008 seasons.  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1  4.924E+06  4.924E+06    0.58  0.488 
Residual                   4  3.375E+07  8.438E+06    1.62 
Season.Rep.*Units* stratum 
Cover_crop                 3  9.648E+08  3.216E+08   61.72  <.001 
Ferilisation               1  1.852E+07  1.852E+07    3.55  0.070 
Season.Cover_crop          3  9.227E+07  3.076E+07    5.90  0.063 
Season.Ferilisation        1  9.364E+05  9.364E+05    0.18  0.675 
Cover_crop.Ferilisation    3  2.459E+07  8.195E+06    6.57  0.001 
Season.Cover_crop.Ferilisation 
                           3  3.065E+07  1.022E+07    1.96  0.143 
Residual                  28  1.459E+08  5.210E+06 
Total                     47  1.316E+09 
 
 
Cover crop carbon content as at 9 July 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     199.12      99.56    3.83 
Rep.*Units* stratum 
Cover_crop                 3     414.26     138.09    5.31  0.012 
Fertilizer                 1      54.30      54.30    2.09  0.170 
Cover_crop.Fertilizer      3     132.29      44.10    1.70  0.214 
Residual                  14     364.04      26.00 
Total                     23    1164.01 
  
 
 
Cover crop carbon content as at 11 August 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr.  
Rep stratum                2      0.227      0.114    0.04 
Rep.*Units* stratum 
Cover_crop                 3     16.661      5.554    2.09  0.148 
Fertilizer                 1      0.844      0.844    0.32  0.582 
Cover_crop.Fertilizer      3      1.575      0.525    0.20  0.896 
Residual                  14     37.199      2.657 
Total                     23     56.506 
  
Cover crop carbon content as at 2 September 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      0.813      0.407    0.37 
Rep.*Units* stratum 
Cover_crop                 3      5.910      1.970    1.79  0.195 
Fertilizer                 1      0.960      0.960    0.87  0.366 
Cover_crop.Fertilizer      3      1.817      0.606    0.55  0.655 
Residual                  14     15.373      1.098 
Total                     23     24.873 
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Cover crop nitrogen content as at 9 July 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     4.7999     2.3999    3.90 
Rep.*Units* stratum 
Cover_crop                 3     8.0287     2.6762    4.35  0.023 
Fertilizer                 1     0.8381     0.8381    1.36  0.262 
Cover_crop.Fertilizer      3     2.8581     0.9527    1.55  0.246 
Residual                  14     8.6063     0.6147 
Total                     23    25.1311 
  
 
 
Cover crop nitrogen content as at 11 August 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.8229     0.4114    2.09 
Rep.*Units* stratum 
Cover_crop                 3     9.4435     3.1478   15.97  <.001 
Fertilizer                 1     0.0011     0.0011    0.01  0.941 
Cover_crop.Fertilizer      3     0.4890     0.1630    0.83  0.501 
Residual                  14     2.7593     0.1971 
Total                     23    13.5158 
  
  
 
 
Cover crop nitrogen content as at 2 September 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.4229     0.2115    1.41 
Rep.*Units* stratum 
Cover_crop                 3    14.1700     4.7233   31.58  <.001 
Fertilizer                 1     0.0139     0.0139    0.09  0.765 
Cover_crop.Fertilizer      3     0.6426     0.2142    1.43  0.275 
Residual                  14     2.0942     0.1496 
Total                     23    17.3437 
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Cover crop C/N ratio as at 9 July 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      6.196      3.098    1.09 
Rep.*Units* stratum 
Cover_crop                 3     54.767     18.256    6.42  0.006 
Fertilizer                 1      0.018      0.018    0.01  0.938 
Cover_crop.Fertilizer      3      4.416      1.472    0.52  0.677 
Residual                  14     39.833      2.845 
Total                     23    105.229 
 
 
Cover crop C/N ratio as at 11 August 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     30.675     15.338    1.76 
Rep.*Units* stratum 
Cover_crop                 3    121.298     40.433    4.64  0.019 
Fertilizer                 1      0.207      0.207    0.02  0.880 
Cover_crop.Fertilizer      3      8.311      2.770    0.32  0.812 
Residual                  14    122.062      8.719 
Total                     23    282.554 
  
 
 
Cover crop C/N ratio as at 2 September  2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     14.035      7.017    1.07 
Rep.*Units* stratum 
Cover_crop                 3    549.272    183.091   27.94  <.001 
Fertilizer                 1      0.269      0.269    0.04  0.842 
Cover_crop.Fertilizer      3     35.616     11.872    1.81  0.191 
Residual                  14     91.741      6.553 
Total                     23    690.932 
  
 
 
Cover crop dry mass as at 9 July 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      5899.      2950.    0.17 
Rep.*Units* stratum 
Cover_crop                 3    795754.    265251.   15.30  <.001 
Fertilizer                 1      4216.      4216.    0.24  0.630 
Cover_crop.Fertilizer      3      9768.      3256.    0.19  0.903 
Residual                  14    242743.     17339. 
Total                     23   1058379. 
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Cover crop dry mass as at 11 August 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    264321.    132160.    0.95 
Rep.*Units* stratum 
Cover_crop                 3  15154230.   5051410.   36.41  <.001 
Fertilizer                 1    678868.    678868.    4.89  0.044 
Cover_crop.Fertilizer      3    795591.    265197.    1.91  0.174 
Residual                  14   1942483.    138749. 
Total                     23  18835492. 
 
 
 
Cover crop dry mass as at 2 September 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    209651.    104826.    0.19 
Rep.*Units* stratum 
Cover_crop                 3  93890321.  31296774.   56.81  <.001 
Fertilizer                 1   1798828.   1798828.    3.27  0.092 
Cover_crop.Fertilizer      3   4002038.   1334013.    2.42  0.109 
Residual                  14   7712468.    550891. 
Total                     23 107613307. 
  
 
 
Total N uptake by cover crops at 9 July 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      193.2       96.6    0.34 
Rep.*Units* stratum 
Cover_crop                 3    14153.8     4717.9   16.79  <.001 
Fertilizer                 1       55.8       55.8    0.20  0.663 
Cover_crop.Fertilizer      3      128.9       43.0    0.15  0.926 
Residual                  14     3933.0      280.9 
Total                     23    18464.7 
  
  
Total N uptake by cover crops at 11 August 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      8147.      4073.    2.00 
Rep.*Units* stratum 
Cover_crop                 3    123225.     41075.   20.17  <.001 
Fertilizer                 1      4740.      4740.    2.33  0.149 
Cover_crop.Fertilizer      3      7577.      2526.    1.24  0.332 
Residual                  14     28506.      2036. 
Total                     23    172196. 
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Total N uptake by cover crops at 2 September 2007 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     10781.      5391.    1.75 
Rep.*Units* stratum 
Cover_crop                 3    322564.    107521.   34.89  <.001 
Fertilizer                 1     11978.     11978.    3.89  0.069 
Cover_crop.Fertilizer      3     19751.      6584.    2.14  0.141 
Residual                  14     43149.      3082. 
Total                     23    408223. 
  
  
Final weed dry mass combined over the 2007 and 2008 winter seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   1408280.    704140.    0.50 
  
Rep.*Units* stratum 
Season                     1  27317068.  27317068.   19.26  <.001 
cc_Control                 1  67912207.  67912207.   47.88  <.001 
Season.cc_Control          1    754116.    754116.    0.53  0.471 
cc_Control.Cover_crop      3 120201982.  40067327.   28.25  <.001 
cc_Control.Fertilizer      1   1080674.   1080674.    0.76  0.389 
Season.cc_Control.Cover_crop 
                           3   8800428.   2933476.    2.07  0.123 
Season.cc_Control.Fertilizer 
                           1   1462937.   1462937.    1.03  0.317 
cc_Control.Cover_crop.Fertilizer 
                           3   3757350.   1252450.    0.88  0.460 
Season.cc_Control.Cover_crop.Fertilizer 
                           3   7671690.   2557230.    1.80  0.165 
Residual                  34  48225934.   1418410. 
Total                     53 288592666. 
  
  
 
Final weed carbon content in the 2007 winter season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      9.719      4.860    2.61 
Rep.*Units* stratum 
CC_Weed                    1      0.024      0.024    0.01  0.910 
CC_Weed.Cover_crop         3      3.038      1.013    0.54  0.659 
CC_Weed.Fertilizer         1      1.550      1.550    0.83  0.375 
CC_Weed.Cover_crop.Fertilizer 
                           3      3.751      1.250    0.67  0.582 
Residual                  16     29.799      1.862 
Total                     26     47.882 
 
 
 
 
Final weed nitrogent content in the 2007 winter season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.0746     0.0373    0.16 
Rep.*Units* stratum 
CC_Weed                    1     0.2913     0.2913    1.25  0.279 
CC_Weed.Cover_crop         3     0.0141     0.0047    0.02  0.996 
CC_Weed.Fertilizer         1     0.0403     0.0403    0.17  0.683 
CC_Weed.Cover_crop.Fertilizer 
                           3     0.5776     0.1925    0.83  0.497 
Residual                  16     3.7157     0.2322 
Total                     26     4.7136 
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Final weed C/N ratio in the 2007 winter season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2       7.03       3.51    0.35 
  
Rep.*Units* stratum 
CC_Weed                    1      10.29      10.29    1.02  0.327 
CC_Weed.Cover_crop         3       0.39       0.13    0.01  0.998 
CC_Weed.Fertilizer         1       4.42       4.42    0.44  0.517 
CC_Weed.Cover_crop.Fertilizer 
                           3      33.32      11.11    1.10  0.376 
Residual                  16     160.95      10.06 
Total                     26     216.40 
  
 
Final weed carbon uptake (kg/ha) by weeds in the 2007 winter season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      9178.      4589.    2.20 
Rep.*Units* stratum 
CC_Weed                    1    132046.    132046.   63.42  <.001 
CC_Weed.Cover_crop         3    206407.     68802.   33.04  <.001 
CC_Weed.Fertilizer         1        56.        56.    0.03  0.872 
CC_Weed.Cover_crop.Fertilizer 
                           3      2016.       672.    0.32  0.809 
Residual                  16     33315.      2082. 
Total                     26    383019. 
  
 
Final weed nitrogen uptake (kg/ha) by weeds in the 2007 winter season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      35.51      17.75    1.56 
Rep.*Units* stratum 
CC_Weed                    1     419.50     419.50   36.76  <.001 
CC_Weed.Cover_crop         3     828.05     276.02   24.19  <.001 
CC_Weed.Fertilizer         1       0.06       0.06    0.01  0.942 
CC_Weed.Cover_crop.Fertilizer 
                           3      12.55       4.18    0.37  0.778 
Residual                  16     182.58      11.41 
Total                     26    1478.24 
  
Number of weed species occurring in cover crop plots combined over the 2007 and 2008 winter 
seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1     50.074     50.074   24.14  0.008 
Residual                   4      8.296      2.074 
Season.Rep.Cover_crop stratum 
Cover_crop                 4     45.454     11.363   24.67  <.001 
Season.Cover_crop          4      3.009      0.752    1.63  0.215 
Residual                  16      7.370      0.461    0.44 
Season.Rep.Fertilizer stratum 
Fertilizer                 1      0.021      0.021    0.25  0.643 
Season.Fertilizer          1      1.021      1.021    2.25  0.125 
Residual                   4      0.333      0.083    0.08 
Season.Rep.Cover_crop.Fertilizer stratum 
Cover_crop.Fertilizer      3      3.229      1.076    1.02  0.418 
Season.Cover_crop.Fertilizer 
                           3      0.229      0.076    0.07  0.974 
Residual                  12     12.667      1.056 
Total                     53    131.704 
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Appendix 2:  Chapter Four analysis of variance (ANOVA) tables 
 
Soil temperature (oC) at 1 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     3.3670     1.6835    4.80 
Rep.*Units* stratum 
CC                         4    12.8240     3.2060    9.13  0.004 
Residual                   8     2.8080     0.3510 
Total                     14    18.9990 
  
  
 
 
Soil temperature (oC) at 1 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2.5053     1.2527   11.04 
Rep.*Units* stratum 
CC                         4     2.6360     0.6590    5.81  0.017 
Residual                   8     0.9080     0.1135 
Total                     14     6.0493 
  
  
 
 
Soil temperature (oC) at 2 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.6790     0.3395    0.34 
Rep.*Units* stratum 
CC                         4    43.8740    10.9685   10.97  0.002 
Residual                   8     7.9960     0.9995 
Total                     14    52.5490 
  
  
 
 
 
Soil temperature (oC) at 2 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.6370     0.3185    0.56 
Rep.*Units* stratum 
CC                         4     7.6307     1.9077    3.33  0.069 
Residual                   8     4.5813     0.5727 
Total                     14    12.8490 
  
  
 
 
 
Soil temperature (oC) at 3 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      1.225      0.613    0.45 
  
Rep.*Units* stratum 
CC                         4     39.867      9.967    7.32  0.009 
Residual                   8     10.897      1.362 
Total                     14     51.989 
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Soil temperature (oC) at 3 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.5560     0.2780    0.32 
Rep.*Units* stratum 
CC                         4    13.8967     3.4742    4.03  0.044 
Residual                   8     6.8973     0.8622 
Total                     14    21.3500 
  
  
 
 
Soil temperature (oC) at 4 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.6790     0.3395    0.34 
Rep.*Units* stratum 
CC                         4    43.8740    10.9685   10.97  0.002 
Residual                   8     7.9960     0.9995 
Total                     14    52.5490 
  
  
 
 
 
Soil temperature (oC) at 4 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.6370     0.3185    0.56 
Rep.*Units* stratum 
CC                         4     7.6307     1.9077    3.33  0.069 
Residual                   8     4.5813     0.5727 
Total                     14    12.8490 
  
  
Soil temperature (oC) at 5 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      6.769      3.385    1.76 
Rep.*Units* stratum 
CC                         4     44.087     11.022    5.74  0.018 
Residual                   8     15.353      1.919 
Total                     14     66.209 
  
 
 
Soil temperature (oC) at 5 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      4.554      2.277    1.43 
Rep.*Units* stratum 
CC                         4     23.684      5.921    3.71  0.054 
Residual                   8     12.754      1.594 
Total                     14     40.992 
  
  
 
 
Soil temperature (oC) at 6 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      8.794      4.397    1.89 
Rep.*Units* stratum 
CC                         4     90.033     22.508    9.69  0.004 
Residual                   8     18.581      2.323 
Total                     14    117.408 
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Soil temperature (oC) at 6 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      5.269      2.635    2.60 
Rep.*Units* stratum 
CC                         4     19.863      4.966    4.89  0.027 
Residual                   8      8.117      1.015 
Total                     14     33.249 
  
  
 
 
Soil temperature (oC) at 7 DAS at 5 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     13.177      6.588    0.69 
Rep.*Units* stratum 
CC                         4    288.807     72.202    7.61  0.008 
Residual                   8     75.901      9.488 
Total                     14    377.885 
  
  
 
 
Soil temperature (oC) at 7 DAS at 10 cm in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      7.072      3.536    1.66 
Rep.*Units* stratum 
CC                         4     97.589     24.397   11.47  0.002 
Residual                   8     17.013      2.127 
Total                     14    121.674 
  
  
 
 
 
Volumetric soil moisture content (m3/m3) at planting at 5 cm depth in the 2008/09 summer season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0016652  0.0003330    0.62 
Rep.*Units* stratum 
CC                         4  0.0088868  0.0022217    4.13  0.013 
Residual                  20  0.0107580  0.0005379 
Total                     29  0.0213099 
  
  
 
 
 
Volumetric soil moisture content (m3/m3) at planting at 30 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0025280  0.0005056    0.78 
Rep.*Units* stratum 
CC                         4  0.0038045  0.0009511    1.47  0.249 
Residual                  20  0.0129556  0.0006478 
Total                     29  0.0192880 
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Volumetric soil moisture content (m3/m3) at planting at 50 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0034369  0.0006874    1.85 
Rep.*Units* stratum 
CC                         4  0.0139061  0.0034765    9.36  <.001 
Residual                  20  0.0074321  0.0003716 
Total                     29  0.0247751 
  
  
 
 
 
Volumetric soil moisture content (m3/m3) at planting at 70 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0038594  0.0007719    2.33 
Rep.*Units* stratum 
CC                         4  0.0114504  0.0028626    8.65  <.001 
Residual                  20  0.0066186  0.0003309 
Total                     29  0.0219284 
  
  
 
 
Volumetric soil moisture content (m3/m3) at planting at 90 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0031885  0.0006377    1.69 
Rep.*Units* stratum 
CC                         4  0.0052429  0.0013107    3.46  0.026 
Residual                  20  0.0075689  0.0003784 
Total                     29  0.0160003 
  
  
 
 
Volumetric soil moisture content (m3/m3) at flowering at 10 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0011630  0.0002326    0.47 
Rep.*Units* stratum 
CC                         4  0.0095393  0.0023848    4.85  0.007 
Residual                  20  0.0098380  0.0004919 
Total                     29  0.0205403 
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Volumetric soil moisture content (m3/m3) at flowering at 30 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0023944  0.0004789    0.62 
Rep.*Units* stratum 
CC                         4  0.0003263  0.0000816    0.11  0.979 
Residual                  20  0.0154814  0.0007741 
Total                     29  0.0182021 
  
  
 
 
Volumetric soil moisture content (m3/m3) at flowering at 50 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0040608  0.0008122    1.48 
Rep.*Units* stratum 
CC                         4  0.0099270  0.0024818    4.53  0.009 
Residual                  20  0.0109601  0.0005480 
Total                     29  0.0249479 
  
 
 
Volumetric soil moisture content (m3/m3) at flowering at 70 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0042971  0.0008594    2.21 
Rep.*Units* stratum 
CC                         4  0.0113533  0.0028383    7.31  <.001 
Residual                  20  0.0077632  0.0003882 
Total                     29  0.0234135 
  
  
 
 
Volumetric soil moisture content (m3/m3) at flowering at 90 cm depth in the 2008/09 summer 
season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                5  0.0034613  0.0006923    2.20 
Rep.*Units* stratum 
CC                         4  0.0051447  0.0012862    4.09  0.014 
Residual                  20  0.0062933  0.0003147 
Total                     29  0.0148993 
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Soil mineral N content as affected by cover crop and soil depth combined over the 2007/08 and 
2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1      261.3      261.3    1.17  0.341 
Residual                   4      896.6      224.2    1.78 
Season.Rep.*Units* stratum 
depth                      1    18656.1    18656.1   48.39  1.000 
CC                         4     9963.1     2490.8   19.81  <.001 
Fert                       1     1160.5     1160.5    9.23  0.003 
Season.depth               1        0.0        0.0    0.00  1.000 
Season.CC                  4        3.1        0.8    0.01  1.000 
depth.CC                   4      102.2       25.5    0.20  0.936 
Season.Fert                1        2.0        2.0    0.02  0.899 
depth.Fert                 1       36.8       36.8    0.29  0.590 
CC.Fert                    3     5159.8     1719.9   13.68  0.263 
Season.depth.CC            4        1.0        0.3    0.00  1.000 
Season.depth.Fert          1        0.5        0.5    0.00  0.949 
Season.CC.Fert             3        3.1        1.0    0.01  0.999 
depth.CC.Fert              3       43.6       14.5    0.12  0.951 
Season.depth.CC.Fert       3        2.6        0.9    0.01  0.999 
Residual                  68     8549.2      125.7 
Total                    107    44841.5 
  
  
 
Final maize plant height as affected by type of residue and fertilizer regime combined over the 
2007/08 and 2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1     4563.0     4563.0   65.13  0.057 
Residual                   4      726.4      181.6    1.81 
Season.Rep.*Units* stratum 
cover_cropping             1    41044.0    41044.0  183.13  <.001 
Season.cover_cropping      1        0.0        0.0    0.00  1.000 
cover_cropping.Residue     3    64819.5    21606.5   96.41  <.001 
cover_cropping.Fertility 
                           4   115771.6    28942.9  129.14  <.001 
Season.cover_cropping.Residue 
                           3        0.0        0.0    0.00  1.000 
Season.cover_cropping.Fertility 
                           4        0.0        0.0    0.00  1.000 
cover_cropping.Residue.Fertility 
                           9    89189.8     9910.0   44.22  <.001 
Season.cover_cropping.Residue.Fertility 
                           9        0.0        0.0    0.00  1.000 
Residual                  68    15240.3      224.1 
Total                    107   331354.7 
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Cob length as affected by type of residue and fertilizer regime combined over the 2007/08 and 
2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1     17.134     17.134    7.46  0.052 
Residual                   4      9.187      2.297    0.79 
Season.Rep.*Units* stratum 
Cover_cropping             1     48.909     48.909   16.84  <.001 
Season.Cover_cropping      1      5.315      5.315    1.83  0.181 
Cover_cropping.Residue     3    127.136     42.379   14.59  <.001 
Cover_cropping.Fertility 
                           4     63.513     15.878    5.47  <.001 
Season.Cover_cropping.Residue 
                           3     13.398      4.466    1.54  0.213 
Season.Cover_cropping.Fertility 
                           4     55.435     13.859    1.77  0.072 
Cover_cropping.Residue.Fertility 
                           9     68.566      7.618    2.62  0.012 
Season.Cover_cropping.Residue.Fertility 
                           9     42.459      4.718    1.62  0.126 
Residual                  68    197.480      2.904 
Total                    107    648.531 
  
  
 
 
Number of grains/cob affected by type of residue and fertilizer regime combined over the 2007/08 
and 2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1      1156.      1156.    0.45  0.539 
Residual                   4     10293.      2573.    0.53 
Season.Rep.*Units* stratum 
Cover_cropping             1     48353.     48353.    9.88  0.002 
Season.Cover_cropping      1      1665.      1665.    0.34  0.562 
Cover_cropping.Residue     3    141003.     47001.    9.61  <.001 
Cover_cropping.Fertility 
                           4     50373.     12593.    2.57  0.045 
Season.Cover_cropping.Residue 
                           3     20234.      6745.    1.38  0.257 
Season.Cover_cropping.Fertility 
                           4     42647.     10662.    2.18  0.080 
Cover_cropping.Residue.Fertility 
                           9     77053.      8561.    1.75  0.094 
Season.Cover_cropping.Residue.Fertility 
                           9     59566.      6618.    1.35  0.227 
Residual                  68    332644.      4892. 
Total                    107    784989. 
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One-thousand-seed weights as affected by type of residue and fertilizer regime combined over the 
2007/08 and 2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1      2550.      2550.    0.70  0.449 
Residual                   4     14495.      3624.    1.15 
Season.Rep.*Units* stratum 
Cover_cropping             1     22180.     22180.    7.04  0.010 
Season.Cover_cropping      1      7672.      7672.    2.44  0.123 
Cover_cropping.Residue     3     26297.      8766.    2.78  0.047 
Cover_cropping.Fertility 
                           4     10944.      2736.    0.87  0.487 
Season.Cover_cropping.Residue 
                           3      5217.      1739.    0.55  0.648 
Season.Cover_cropping.Fertility 
                           4     12167.      3042.    0.97  0.432 
Cover_cropping.Residue.Fertility 
                           9     37947.      4216.    1.34  0.234 
Season.Cover_cropping.Residue.Fertility 
                           9      6938.       771.    0.24  0.986 
Residual                  68    214116.      3149. 
Total                    107    360524. 
 
 
 
 
Final maize yield as affected by type of residue and fertilizer regime combined over the 2007/08 
and 2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1 106619894. 106619894.  185.77  <.001 
Residual                   4   2295760.    573940.    0.44 
Season.Rep.*Units* stratum 
Cover_cropping             1  65837949.  65837949.   50.47  <.001 
Season.Cover_cropping      1   2603618.   2603618.    2.00  0.162 
Cover_cropping.Residue     3 236606839.  78868946.   60.45  <.001 
Cover_cropping.Fertility 
                           4 101413350.  25353337.   19.43  <.001 
Season.Cover_cropping.Residue 
                           3  25843185.   8614395.    6.60  <.001 
Season.Cover_cropping.Fertility 
                           4  17271183.   4317796.    1.31  0.065 
Cover_cropping.Residue.Fertility 
                           9  30861207.   3429023.    2.63  0.011 
Season.Cover_cropping.Residue.Fertility 
                           9  21269781.   2363309.    1.81  0.082 
Residual                  68  88713764.   1304614. 
Total                    107 699336530. 
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Gross margin (US$) as affected by type of residue and fertilizer regime combined over the 
2007/08 and 2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Residue stratum 
Season                     1   2736048.   2736048.   10.74  0.047 
Cover_cropping             1    171056.    171056.    0.67  0.473 
Season.Cover_cropping      1     97438.     97438.    0.38  0.580 
Residue.Cover_cropping     3   6004885.   2001628.    7.85  0.062 
Residual                   3    764499.    254833.    6.02 
Season.Residue.*Units* stratum 
Cover_cropping.Fertility 
                           4    302032.     75508.    1.78  0.141 
Season.Cover_cropping.Fertility 
                           4    590504.    147626.    3.49  0.012 
Residue.Cover_cropping.Fertility 
                           9    709345.     78816.    1.86  0.072 
Season.Residue.Cover_cropping.Fertility 
                           9    668136.     74237.    1.75  0.092 
Residual                  72   3045931.     42305. 
Total                    107  15089874. 
  
  
 
 
B:C ratio as affected by type of residue and fertilizer regime combined over the 2007/08 and 
2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Residue stratum 
Season                     1    3.33739    3.33739    8.30  0.064 
Cover_cropping             1    0.03282    0.03282    0.08  0.794 
Season.Cover_cropping      1    0.12016    0.12016    0.30  0.623 
Residue.Cover_cropping     3    9.65700    3.21900    8.00  0.061 
Residual                   3    1.20697    0.40232    5.24 
Season.Residue.*Units* stratum 
Cover_cropping.Fertility 
                           4    0.50764    0.12691    1.65  0.171 
Season.Cover_cropping.Fertility 
                           4    0.89043    0.22261    2.90  0.028 
Residue.Cover_cropping.Fertility 
                           9    1.71807    0.19090    2.48  0.016 
Season.Residue.Cover_cropping.Fertility 
                           9    1.27550    0.14172    1.84  0.075 
Residual                  72    5.53130    0.07682 
Total                    107   24.27728 
  
  234 
  
Weed dry masss as affected by type of residue and fertilizer regime combined over the 2007/08 
and 2008/09 summer seasons. 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Residue stratum 
Season                     1 312821928. 312821928.   33.21  0.010 
Cover_cropping             1 109977477. 109977477.   11.68  0.042 
Season.Cover_cropping      1  17067212.  17067212.    1.81  0.271 
Residue.Cover_cropping     3 182078304.  60692768.    6.44  0.080 
Residual                   3  28256413.   9418804.   15.97 
Season.Residue.*Units* stratum 
Cover_cropping.Fertility 
                           4   4299366.   1074841.    1.82  0.134 
Season.Cover_cropping.Fertility 
                           4    667211.    166803.    0.28  0.888 
Residue.Cover_cropping.Fertility 
                           9  14257901.   1584211.    0.69  0.089 
Season.Residue.Cover_cropping.Fertility 
                           9   2212659.    245851.    0.42  0.922 
Residual                  72  42477252.    589962. 
Total                    107 714115722. 
  
 
 
Weeds species diversity as affected by type of residue and fertilizer regime combined over the 
2007/08 and 2008/09 summer seasons. 
 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1     92.593     92.593  136.99  <.001 
Residual                   4      2.704      0.676    0.63 
Season.Rep.*Units* stratum 
Cover_cropping             1     53.501     53.501   50.09  <.001 
Season.Cover_cropping      1      3.251      3.251    3.04  0.086 
Cover_cropping.Residue     3    122.698     40.899   38.29  <.001 
Cover_cropping.Fertility 
                           4      4.698      1.174    1.10  0.364 
Season.Cover_cropping.Residue 
                           3     31.115     10.372    9.71  <.001 
Season.Cover_cropping.Fertility 
                           4      2.115      0.529    0.49  0.739 
Cover_cropping.Residue.Fertility 
                           9      4.844      0.538    0.50  0.867 
Season.Cover_cropping.Residue.Fertility 
                           9      6.594      0.733    0.69  0.719 
Residual                  68     72.630      1.068 
Total                    107    396.741 
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Appendix 3:  Chapter Five analysis of variance (ANOVA) tables. 
 
Variate: N Contribution to maize growth_% 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.026970   0.013485    2.19 
Rep.*Units* stratum 
treatment                  2   0.114431   0.057216    9.28  0.031 
Residual                   4   0.024664   0.006166 
Total                      8   0.166065 
  
  
 
Variate: P Contribution_% 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.037208   0.018604   12.90 
Rep.*Units* stratum 
treatment                  2   0.006003   0.003002    2.08  0.240 
Residual                   4   0.005770   0.001442 
Total                      8   0.048981 
  
  
 
 
Variate: Mineral N at week 1 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    247476.    123738.   20.51 
Rep.*Units* stratum 
Treatment                  2    284461.    142230.   23.57  0.006 
Residual                   4     24134.      6033. 
Total                      8    556071. 
  
  
 
 
Variate: Mineral N at week 2 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   3109505.   1554752.    7.30 
Rep.*Units* stratum 
Treatment                  2    901000.    450500.    2.11  0.236 
Residual                   4    852272.    213068. 
Total                      8   4862778. 
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Variate: Mineral N at week 3 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   1967619.    983810.    7.40 
Rep.*Units* stratum 
Treatment                  2   2146957.   1073478.    8.08  0.039 
Residual                   4    531480.    132870. 
Total                      8   4646056. 
   
 
Variate: Mineral N at week 4 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    721756.    360878.    0.97 
Rep.*Units* stratum 
Treatment                  2   4443544.   2221772.    5.95  0.013 
Residual                   4   1493606.    373401. 
Total                      8   6658905. 
  
  
Variate: Mineral N at week 5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    311601.    155801.    0.64 
Rep.*Units* stratum 
Treatment                  2  11861914.   5930957.   24.32  0.006 
Residual                   4    975597.    243899. 
  
Total                      8  13149112. 
  
  
Variate: Mineral N at week 6 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     85525.     42762.    0.15 
Rep.*Units* stratum 
Treatment                  2     71766.     35883.    1.13  0.008 
Residual                   4   1106117.    276529. 
Total                      8   1263408. 
  
  
Variate: Extractable P at week 1 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      386.9      193.5    1.71 
Rep.*Units* stratum 
Treatment                  2      547.3      273.6    2.42  0.205 
Residual                   4      452.2      113.0 
Total                      8     1386.4 
  
  
 
 
Variate: Extractable P at week 2 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      654.0      327.0    0.52 
Rep.*Units* stratum 
Treatment                  2      436.7      218.4    0.35  0.724 
Residual                   4     2492.2      623.0 
Total                      8     3582.9 
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Variate: Extractable P at week 3 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    1454.21     727.10    8.59 
  
Rep.*Units* stratum 
Treatment                  2     138.77      69.38    0.82  0.503 
Residual                   4     338.39      84.60 
Total                      8    1931.36 
  
  
Variate: Extractable P at week 4 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2813.8     1406.9    2.41 
Rep.*Units* stratum 
Treatment                  2    15016.6     7508.3   12.84  0.018 
Residual                   4     2339.6      584.9 
Total                      8    20170.1 
  
  
Variate: Extractable P at week 5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     1806.9      903.5    1.57 
Rep.*Units* stratum 
Treatment                  2    14827.0     7413.5   12.91  0.018 
Residual                   4     2296.7      574.2 
Total                      8    18930.6 
  
  
Variate: Extractable P at week 6 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2487.7     1243.9    3.96 
Rep.*Units* stratum 
Treatment                  2    14457.1     7228.6   23.01  0.006 
Residual                   4     1256.5      314.1 
Total                      8    18201.4 
  
  
 
Variate: pH at week  1 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.00327    0.00163    0.14 
Rep.*Units* stratum 
Treatment                  2    0.04560    0.02280    1.97  0.254 
Residual                   4    0.04633    0.01158 
Total                      8    0.09520 
  
  
 
Variate: pH at week  2 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.11282    0.05641    0.58 
Rep.*Units* stratum 
Treatment                  2    0.21362    0.10681    1.10  0.415 
Residual                   4    0.38738    0.09684 
Total                      8    0.71382 
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Variate: pH at week  3 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.03947    0.01973    0.52 
Rep.*Units* stratum 
Treatment                  2    0.12287    0.06143    1.63  0.303 
Residual                   4    0.15047    0.03762 
Total                      8    0.31280 
  
 
Variate: pH at week  4 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.105000   0.052500   48.46 
Rep.*Units* stratum 
Treatment                  2   0.038467   0.019233   17.75  0.010 
Residual                   4   0.004333   0.001083 
Total                      8   0.147800 
  
  
Variate: pH at week  5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Rep stratum                2  0.0710889  0.0355444   36.35 
Rep.*Units* stratum 
Treatment                  2  0.0113556  0.0056778    5.81  0.066 
Residual                   4  0.0039111  0.0009778 
Total                      8  0.0863556 
  
  
Variate: pH at week  6 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.168089   0.084044   10.81 
Rep.*Units* stratum 
Treatment                  2   0.060689   0.030344    3.90  0.115 
Residual                   4   0.031111   0.007778 
Total                      8   0.259889 
  
  
Variate: CO2 released after 1 day of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      7630.      3815.    1.99 
Rep.*Units* stratum 
Treatment                  2     28032.     14016.    7.31  0.046 
Residual                   4      7670.      1917. 
Total                      8     43332. 
  
  
Variate: CO2 released after 4 day of incubation 
 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      3665.      1832.    0.44 
Rep.*Units* stratum 
Treatment                  2     12874.      6437.    1.56  0.316 
Residual                   4     16530.      4132. 
Total                      8     33068. 
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Variate: CO2 released after 1 week of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      6373.      3186.    1.19 
Rep.*Units* stratum 
Treatment                  2     84476.     42238.   15.73  0.013 
Residual                   4     10741.      2685. 
  
Total                      8    101590. 
  
  
 
Variate: CO2 released after 2 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     13494.      6747.    2.66 
Rep.*Units* stratum 
Treatment                  2    252809.    126405.   49.75  0.001 
Residual                   4     10162.      2541. 
Total                      8    276466. 
  
  
 
Variate: CO2 released after 3 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     10724.      5362.    2.74 
Rep.*Units* stratum 
Treatment                  2    443405.    221702.  113.28  <.001 
Residual                   4      7829.      1957. 
Total                      8    461957. 
  
  
 
 
Variate: CO2 released after 4 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      4062.      2031.    0.64 
Rep.*Units* stratum 
Treatment                  2    610350.    305175.   96.43  <.001 
Residual                   4     12660.      3165. 
Total                      8    627071. 
  
  
 
Variate: CO2 released after 5 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      8988.      4494.    2.84 
Rep.*Units* stratum 
Treatment                  2    896646.    448323.  282.99  <.001 
Residual                   4      6337.      1584. 
Total                      8    911971. 
  
  
Variate: CO2 released after 6 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      2908.      1454.    0.49 
Rep.*Units* stratum 
Treatment                  2    960639.    480320.  162.93  <.001 
Residual                   4     11792.      2948. 
Total                      8    975339. 
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Appendix 4: Chapter Six analysis of variance (ANOVA) tables 
 
Variate: Mineral N at planting 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      465.2      232.6    1.95 
Rep.*Units* stratum 
Pattern                    3     1703.4      567.8    4.77  0.009 
Species                    1       42.2       42.2    0.35  0.557 
Position                   1        0.6        0.6    0.01  0.942 
Pattern.Species            3     2429.9      810.0    6.81  0.002 
Pattern.Position           2       33.1       16.5    0.14  0.871 
Species.Position           1      118.9      118.9    1.00  0.327 
Pattern.Species.Position 
                           2      356.9      178.4    1.50  0.242 
Residual                  26     3093.6      119.0 
Total                     41     8243.7 
 
  
 
 
Variate: Cover crop dry mass 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1  3.156E+05  3.156E+05    0.42  0.550 
Residual                   4  2.973E+06  7.433E+05    1.17 
Season.Rep.*Units* stratum 
Pattern                    3  8.250E+08  2.750E+08  433.78  <.001 
Species                    1  1.025E+08  1.025E+08  161.73  <.001 
Season.Pattern             3  7.032E+06  2.344E+06    3.70  0.123 
Season.Species             1  4.354E+05  4.354E+05    0.69  0.414 
Pattern.Species            3  6.936E+07  2.312E+07   36.47  <.001 
Season.Pattern.Species     3  2.049E+06  6.831E+05    1.08  0.375 
Residual                  28  1.775E+07  6.340E+05 
Total                     47  1.028E+09 
  
 
 
Variate: Cover crop C content 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.3431     0.1716    0.82 
Rep.*Units* stratum 
Pattern                    3     0.8486     0.2829    1.36  0.296 
Species                    1    26.1459    26.1459  125.42  <.001 
Pattern.Species            3     0.6278     0.2093    1.00  0.420 
Residual                  14     2.9185     0.2085 
Total                     23    30.8841 
  
  
 
 
Variate: Cover crop N content 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.000264   0.000132    0.05 
Rep.*Units* stratum 
Pattern                    3   0.020033   0.006678    2.70  0.086 
Species                    1  31.314555  31.314555 12658.36 <.001 
Pattern.Species            3   0.012186   0.004062    1.64  0.225 
Residual                  14   0.034634   0.002474 
Total                     23  31.381672 
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Variate: Cover crops C/N ratio 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.02034    0.01017    0.20 
Rep.*Units* stratum 
Pattern                    3    0.14214    0.04738    0.92  0.459 
Species                    1  321.57657  321.57657 6214.95  <.001 
Pattern.Species            3    0.13473    0.04491    0.87  0.481 
Residual                  14    0.72439    0.05174 
Total                     23  322.59817 
  
  
 
 
Variate: Cover crop C uptake 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     88272.     44136.    0.92 
Rep.*Units* stratum 
Pattern                    3  87031304.  29010435.  607.59  <.001 
Species                    1   9072974.   9072974.  190.02  <.001 
Pattern.Species            3   3790097.   1263366.   26.46  <.001 
Residual                  14    668451.     47746. 
Total                     23 100651097. 
  
 
 
 
Variate: Cover crop N uptake 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      751.6      375.8    1.45 
Rep.*Units* stratum 
Pattern                    3   544420.9   181473.6  702.20  <.001 
Species                    1       89.0       89.0    0.34  0.567 
Pattern.Species            3     4870.5     1623.5    6.28  0.006 
Residual                  14     3618.1      258.4 
Total                     23   553750.0 
  
  
 
 
 
Variate: Maize dry mass/plant in the 2007/08 season  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2706.5     1353.3    2.33 
Rep.*Units* stratum 
Pattern                    2     3922.4     1961.2    3.37  0.053 
Species                    1      439.1      439.1    0.75  0.394 
Position                   1     3974.7     3974.7    6.83  0.016 
Pattern.Species            2     1239.7      619.9    1.07  0.362 
Pattern.Position           2      385.0      192.5    0.33  0.722 
Species.Position           1     6212.3     6212.3   10.68  0.004 
Pattern.Species.Position 
                           2     2850.8     1425.4    2.45  0.110 
Residual                  22    12800.2      581.8 
Total                     35    34530.7 
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Variate: Maize dry mass/plant in the 2008/09 season   
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     5450.2     2725.1    3.27 
Rep.*Units* stratum 
Pattern                    2     2102.1     1051.0    1.26  0.296 
Species                    1      119.7      119.7    0.14  0.707 
Position                   2    22511.8    11255.9   13.50  <.001 
Pattern.Species            2     2751.7     1375.8    1.65  0.207 
Pattern.Position           4     4415.9     1104.0    1.32  0.281 
Species.Position           2     4207.5     2103.7    2.52  0.035 
Pattern.Species.Position 
                           4      379.5       94.9    0.11  0.977 
Residual                  34    28355.7      834.0 
Total                     53    70294.1 
  
  
 
 
Variate: Final maize dry mass (kg/ha) combined across seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1  26084864.  26084864.    9.61  0.036 
Residual                   4  10855552.   2713888.    4.55 
Season.Rep.*Units* stratum 
Pattern                    3  12488295.   4162765.    6.99  0.002 
Species                    2    378219.    189109.    0.32  0.731 
Season.Pattern             3   4839818.   1613273.    2.71  0.068 
Season.Species             2     87043.     43522.    0.07  0.930 
Pattern.Species            1   1058947.   1058947.    1.78  0.195 
Season.Pattern.Species     1   2271043.   2271043.    3.81  0.063 
Residual                  24  14301221.    595884. 
Total                     41  72365003. 
  
 
Variate: 1000 seed weights combined across seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2       368.       184.    0.15 
Rep.*Units* stratum 
Season                     1    192711.    192711.  155.34  <.001 
Pattern                    3      4935.      1645.    1.33  0.287 
Species                    2       510.       255.    0.21  0.816 
Season.Pattern             3      4523.      1508.    1.22  0.324 
Season.Species             2      1335.       667.    0.54  0.590 
Pattern.Species            1      3210.      3210.    2.59  0.120 
Season.Pattern.Species     1      5920.      5920.    4.77  0.038 
Residual                  26     32254.      1241. 
Total                     41    245766. 
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Variate: Cob length combined across seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      1.375      0.687    0.51 
Rep.*Units* stratum 
Season                     1    287.676    287.676  211.44  <.001 
Pattern                    3      7.886      2.629    1.93  0.149 
Species                    2      0.217      0.109    0.08  0.923 
Season.Pattern             3      1.567      0.522    0.38  0.765 
Season.Species             2      0.107      0.054    0.04  0.961 
Pattern.Species            1      1.179      1.179    0.87  0.361 
Season.Pattern.Species     1      0.077      0.077    0.06  0.813 
Residual                  26     35.375      1.361 
Total                     41    335.460 
  
  
 
Variate: Cob length from different row positions in 2007/08 season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      2.988      1.494    0.67 
Rep.*Units* stratum 
Pattern                    2      0.502      0.251    0.11  0.893 
Species                    1      0.094      0.094    0.04  0.838 
Position                   2     50.211     25.105   11.32  <.001 
Pattern.Species            2      3.521      1.760    0.79  0.460 
Pattern.Position           4     13.546      3.387    1.53  0.216 
Species.Position           2      4.563      2.281    1.03  0.368 
Pattern.Species.Position 
                           4      5.417      1.354    0.61  0.658 
Residual                  34     75.428      2.218 
Total                     53    156.270 
  
  
 
Variate: Cob length from different row positions in 2008/09 season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      0.392      0.196    0.05 
Rep.*Units* stratum 
Pattern                    2      8.205      4.102    1.01  0.382 
Species                    1      1.156      1.156    0.28  0.600 
Position                   1      1.583      1.583    0.39  0.539 
Pattern.Species            2      7.001      3.501    0.86  0.437 
Pattern.Position           2      7.446      3.723    0.91  0.416 
Species.Position           1      7.608      7.608    1.87  0.186 
Pattern.Species.Position 
                           2     10.990      5.495    1.35  0.280 
Residual                  22     89.622      4.074 
Total                     35    134.005 
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Variate: Number of grains/cob combined over the 2007/08 and 2008/09 seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Rep stratum                2      3535.      1768.    0.51 
Rep.*Units* stratum 
season                     1    293695.    293695.   85.37  <.001 
Pattern                    3     17450.      5817.    1.69  0.193 
Species                    2        35.        17.    0.01  0.995 
season.Pattern             3     22156.      7385.    2.15  0.119 
season.Species             2        40.        20.    0.01  0.994 
Pattern.Species            1      1938.      1938.    0.56  0.460 
season.Pattern.Species     1      6225.      6225.    1.81  0.190 
Residual                  26     89449.      3440. 
Total                     41    434523. 
  
  
 
 
Variate: Number of grains/cob from different row positions in 2007/08 season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      4665.      2333.    0.42 
Rep.*Units* stratum 
Pattern                    2     23544.     11772.    2.12  0.144 
Species                    1       537.       537.    0.10  0.759 
Position                   1      1122.      1122.    0.20  0.658 
Pattern.Species            2      5150.      2575.    0.46  0.635 
Pattern.Position           2      6633.      3317.    0.60  0.559 
Species.Position           1      5184.      5184.    0.93  0.345 
Pattern.Species.Position   2      5050.      2525.    0.45  0.641 
Residual                  22    122304.      5559. 
Total                     35    174190. 
  
  
 
Variate: Number of grains/cob from different row positions in 2008/09 season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2       345.       172.    0.01 
Rep.*Units* stratum 
Pattern                    2     62627.     31313.    2.62  0.087 
Species                    1         0.         0.    0.00  0.996 
Position                   2      1518.       759.    0.06  0.939 
Pattern.Species            2     22666.     11333.    0.95  0.397 
Pattern.Position           4     40688.     10172.    0.85  0.503 
Species.Position           2      7239.      3620.    0.30  0.741 
Pattern.Species.Position 
                           4     39503.      9876.    0.83  0.518 
Residual                  34    406349.     11951. 
Total                     53    580935. 
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Variate: Yield from different row positions in 2007/08 season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2585.9     1292.9    2.09 
Rep.*Units* stratum 
Pattern                    2     4712.5     2356.2    3.81  0.052 
Species                    1      488.0      488.0    0.79  0.380 
C4                         2     8867.8     4433.9    7.17  0.003 
Pattern.Species            2     4900.3     2450.1    3.96  0.068 
Pattern.C4                 4     1488.0      372.0    0.60  0.664 
Species.C4                 2     1168.0      584.0    0.94  0.399 
Pattern.Species.C4         4     2862.7      715.7    1.16  0.347 
Residual                  34    21015.6      618.1 
Total                     53    48088.8 
  
 
Variate: Yield from different row positions in 2008/09 season 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2548.8     1274.4    1.97 
Rep.*Units* stratum 
Pattern                    2    15052.8     7526.4    1.62  0.181 
Species                    1      964.3      964.3    1.49  0.235 
Position                   1      350.2      350.2    0.54  0.470 
Pattern.Species            2       57.5       28.7    0.04  0.957 
Pattern.Position           2      335.6      167.8    0.26  0.774 
Species.Position           1      189.3      189.3    0.29  0.594 
Pattern.Species.Position 
                           2     1098.3      549.1    0.85  0.442 
Residual                  22    14252.3      647.8 
Total                     35    34849.1 
   
 
Variate: Final yield combined across seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1 116396230. 116396230.  104.45  <.001 
Residual                   4   4457613.   1114403.    1.18 
Season.Rep.*Units* stratum 
Pattern                    3  12917018.   4305673.    4.55  0.012 
Species                    2    260724.    130362.    0.14  0.872 
Season.Pattern             3   8364998.   2788333.    3.94  0.013 
Season.Species             2    108270.     54135.    0.06  0.945 
Pattern.Species            1    588055.    588055.    0.62  0.438 
Season.Pattern.Species     1   1940176.   1940176.    2.05  0.165 
Residual                  24  22735585.    947316. 
Total                     41 167768668. 
  
  
Variate: PLER combined across seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1    0.52996    0.52996   22.45  0.009 
Residual                   4    0.09442    0.02360    0.94 
Season.Rep.*Units* stratum 
Pattern                    2    0.46796    0.23398    9.28  0.001 
Species                    1    0.00622    0.00622    0.25  0.625 
Season.Pattern             2    0.28328    0.14164    5.62  0.012 
Season.Species             1    0.00167    0.00167    0.07  0.800 
Pattern.Species            2    0.01344    0.00672    0.27  0.769 
Season.Pattern.Species     2    0.05379    0.02690    1.07  0.363 
Residual                  20    0.50445    0.02522 
Total                     35    1.95520 
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Variate: Aggresivity Aab combined across seasons 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Season.Rep stratum 
Season                     1     0.5190     0.5190    3.57  0.132 
Residual                   4     0.5816     0.1454    1.02 
Season.Rep.*Units* stratum 
Pattern                    2     0.9057     0.4528    3.17  0.064 
Species                    1     0.8645     0.8645    6.05  0.023 
Season.Pattern             2     0.1874     0.0937    0.66  0.530 
Season.Species             1     0.0122     0.0122    0.09  0.773 
Pattern.Species            2     0.2301     0.1151    0.81  0.461 
Season.Pattern.Species     2     0.5588     0.2794    1.96  0.168 
Residual                  20     2.8571     0.1429 
Total                     35     6.7163 
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Appendix 5: Chapter Seven analysis of variance (ANOVA) tables. 
 
Variate: Mineral N at week  1 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    508062.    254031.    2.60 
Rep.*Units* stratum 
Treatment                  5   2168555.    433711.    4.43  0.022 
Residual                  10    978818.     97882. 
Total                     17   3655435. 
  
  
Variate: Mineral N at week  2 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   1360937.    680469.    1.34 
Rep.*Units* stratum 
Treatment                  5   7835354.   1567071.    3.08  0.061 
Residual                  10   5081368.    508137. 
Total                     17  14277660. 
  
  
Variate: Mineral N at week  3 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   1236418.    618209.    0.59 
Rep.*Units* stratum 
Treatment                  5   9727314.   1945463.    1.86  0.188 
Residual                  10  10432956.   1043296. 
Total                     17  21396688. 
  
  
Variate: Mineral N at week  4 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    438130.    219065.    0.58 
Rep.*Units* stratum 
Treatment                  5   9619751.   1923950.    5.11  0.014 
Residual                  10   3767779.    376778. 
Total                     17  13825660. 
  
  
Variate: Mineral N at week  5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   2873268.   1436634.    2.58 
Rep.*Units* stratum 
Treatment                  5  10817100.   2163420.    3.88  0.032 
Residual                  10   5575095.    557510. 
Total                     17  19265463. 
  
  
 
Variate: Mineral N at week  6 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   1414703.    707352.    3.50 
  
Rep.*Units* stratum 
Treatment                  5   1894477.    378895.    1.87  0.186 
Residual                  10   2023205.    202320. 
Total                     17   5332385. 
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Variate:  Extractable P at week  1 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     372.75     186.38    2.00 
Rep.*Units* stratum 
Treatment                  5    1443.07     288.61    3.10  0.060 
Residual                  10     930.51      93.05 
Total                     17    2746.34 
  
  
Variate:  Extractable P at week  2 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     231.69     115.85    1.45 
Rep.*Units* stratum 
Treatment                  5    1523.20     304.64    3.80  0.034 
Residual                  10     801.31      80.13 
Total                     17    2556.20 
  
Variate:  Extractable P at week  3 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      159.6       79.8    0.55 
Rep.*Units* stratum 
Treatment                  5     1171.4      234.3    1.61  0.245 
Residual                  10     1459.5      146.0 
Total                     17     2790.5 
  
  
Variate:  Extractable P at week  4 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     2066.9     1033.5    3.17 
Rep.*Units* stratum 
Treatment                  5    15788.7     3157.7    9.68  0.001 
Residual                  10     3261.3      326.1 
Total                     17    21117.0 
   
 
Variate:  Extractable P at week  5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2  3.867E+09  1.934E+09    1.00 
Rep.*Units* stratum 
Treatment                  5  9.641E+09  1.928E+09    6.10  0.04 
Residual                  10  1.929E+10  1.929E+09 
Total                     17  3.280E+10 
  
  
Variate:  Extractable P at week  5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     1270.9      635.4    2.02 
Rep.*Units* stratum 
Treatment                  5    21412.3     4282.5   13.63  <.001 
Residual                  10     3142.5      314.2 
Total                     17    25825.6 
   
 
Variate: pH at week  1 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.00210    0.00105    0.10 
Rep.*Units* stratum 
Treatment                  5    0.22678    0.04536    4.12  0.027 
Residual                  10    0.11017    0.01102 
Total                     17    0.33905 
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Variate: pH at week 2 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.208611   0.104306   10.43 
Rep.*Units* stratum 
Treatment                  5   0.161711   0.032342    3.23  0.054 
Residual                  10   0.099989   0.009999 
Total                     17   0.470311 
  
  
 
Variate: pH at week  3 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.03658    0.01829    1.13 
Rep.*Units* stratum 
Treatment                  5    0.13911    0.02782    1.72  0.218 
Residual                  10    0.16196    0.01620 
Total                     17    0.33764 
  
  
 
Variate: pH at week 4 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    0.08191    0.04096    1.15 
Rep.*Units* stratum 
Treatment                  5    0.12443    0.02489    0.70  0.636 
Residual                  10    0.35576    0.03558 
Total                     17    0.56209 
  
  
 
Variate: pH at week  5 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.021011   0.010506    1.41 
Rep.*Units* stratum 
Treatment                  5   0.179761   0.035952    4.82  0.017 
Residual                  10   0.074656   0.007466 
Total                     17   0.275428 
  
  
Variate: pH at week  6 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.120211   0.060106    7.27 
Rep.*Units* stratum 
Treatment                  5   0.338844   0.067769    8.20  0.003 
Residual                  10   0.082656   0.008266 
Total                     17   0.541711 
  
  
Variate: % P Contribution  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.001744   0.000872    0.25 
Rep.*Units* stratum 
treatment                  2   0.007669   0.003835    1.12  0.411 
Residual                   4   0.013686   0.003421 
Total                      8   0.023100 
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Variate: % N contribution 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   0.012063   0.006032    0.79 
Rep.*Units* stratum 
treatment                  2   0.011207   0.005604    0.73  0.535 
Residual                   4   0.030548   0.007637 
Total                      8   0.053818 
  
  
 
 
Variate: CO2 released after 1 day of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      151.8       75.9    0.39 
Rep.*Units* stratum 
Treatment                  5    77614.7    15522.9   79.43  <.001 
Residual                  10     1954.4      195.4 
Total                     17    79721.0 
  
  
 
 
Variate: CO2 released after 4 day of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      875.7      437.8    3.28 
Rep.*Units* stratum 
Treatment                  5   180407.7    36081.5  270.62  <.001 
Residual                  10     1333.3      133.3 
Total                     17   182616.6 
  
  
Variate: CO2 released after 1 week of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Rep stratum                2      343.8      171.9    0.66 
Rep.*Units* stratum 
Treatment                  5   512549.2   102509.8  392.75  <.001 
Residual                  10     2610.1      261.0 
Total                     17   515503.1 
  
  
Variate: CO2 released after 2 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     50020.     25010.    0.97 
Rep.*Units* stratum 
Treatment                  5    977682.    195536.    7.56  0.004 
Residual                  10    258720.     25872. 
Total                     17   1286422. 
  
  
Variate: CO2 released after 3 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     50531.     25265.    1.01 
Rep.*Units* stratum 
Treatment                  5   1191918.    238384.    9.50  0.001 
Residual                  10    251025.     25103. 
Total                     17   1493474. 
  
  
 
  251 
Variate: CO2 released after 5 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     52182.     26091.    1.07 
Rep.*Units* stratum 
Treatment                  5   1386701.    277340.   11.42  <.001 
Residual                  10    242754.     24275. 
Total                     17   1681637. 
  
  
 
Variate: CO2 released after 6 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    100373.     50186.    2.44 
Rep.*Units* stratum 
Treatment                  5   1685476.    337095.   16.41  <.001 
Residual                  10    205390.     20539. 
Total                     17   1991239. 
  
  
 
Variate: CO2 released after 7 weeks of incubation Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    100028.     50014.    2.49 
Rep.*Units* stratum 
Treatment                  5   1883326.    376665.   18.77  <.001 
Residual                  10    200643.     20064. 
Total                     17   2183997. 
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Appendix 6: Chapter Eight analysis of variance (ANOVA) tables 
 
Variate: Maize dry mass measured at 34 DAS 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   1126019.    563009.    3.69 
Rep.*Units* stratum 
System                     1     18537.     18537.    0.12  0.742 
CC_species                 3    786403.    262134.    1.72  0.279 
Residual                   5    763671.    152734. 
Total                     11   2694629. 
  
  
 
Variate: maize dry mass measured at 54 DAS 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2  10467933.   5233967.    3.75 
Rep.*Units* stratum 
System                     1    365459.    365459.    0.26  0.631 
CC_species                 3   3162834.   1054278.    0.75  0.565 
Residual                   5   6983741.   1396748. 
Total                     11  20979967. 
  
  
Variate: Cover crop dry mass 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2    314754.    157377.    0.78 
  
Rep.*Units* stratum 
System                     1 183261587. 183261587.  902.48  <.001 
CC_species                 2  18264430.   9132215.   44.97  <.001 
Day                        1  96505718.  96505718.  475.25  <.001 
System.CC_species          2  23769098.  11884549.   58.53  <.001 
System.Day                 1  49617391.  49617391.  244.34  <.001 
CC_species.Day             2   4884315.   2442158.   12.03  <.001 
System.CC_species.Day      2   6743057.   3371529.   16.60  <.001 
Residual                  22   4467421.    203065. 
Total                     35 387827771. 
  
  
Variate: Cob_legnth 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      3.597      1.799    1.11 
Rep.*Units* stratum 
System                     1      0.077      0.077    0.05  0.835 
System.CC_species          2      0.117      0.059    0.04  0.965 
Residual                   6      9.736      1.623 
Total                     11     13.528 
  
  
 
Variate: Grains_cob 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Rep stratum                2     11431.      5715.    0.57 
Rep.*Units* stratum 
System                     1     21813.     21813.    2.18  0.190 
System.CC_species          2     14488.      7244.    0.72  0.523 
Residual                   6     60073.     10012. 
Total                     11    107805. 
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Variate:  1000 seeds weight 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      2414.      1207.    0.62 
Rep.*Units* stratum 
System                     1       985.       985.    0.50  0.504 
System.CC_species          2      1071.       536.    0.27  0.769 
Residual                   6     11728.      1955. 
Total                     11     16198. 
  
  
 
Variate: Maize grain yield (kg/ha) 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2   9872242.   4936121.    2.94 
Rep.*Units* stratum 
System                     1   2784272.   2784272.    1.66  0.245 
System.CC_species          2   9237616.   4618808.    2.75  0.142 
Residual                   6  10081947.   1680324. 
Total                     11  31976078. 
  
  
 
Variate: Cover crop C content 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2      0.434      0.217    0.10 
Rep.*Units* stratum 
System                     1      9.502      9.502    4.48  0.060 
CC_species                 2      5.329      2.665    1.26  0.326 
System.CC_species          2      2.721      1.360    0.64  0.547 
Residual                  10     21.214      2.121 
Total                     17     39.200 
  
  
 
Variate: Cover crop N content 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.6465     0.3233    3.06 
Rep.*Units* stratum 
System                     1     0.2796     0.2796    2.65  0.135 
CC_species                 2    39.3309    19.6654  186.38  <.001 
System.CC_species          2     0.3625     0.1812    1.72  0.228 
Residual                  10     1.0551     0.1055 
Total                     17    41.6746 
  
  
 
Variate: Cover crop C/N ratio 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Rep stratum                2      7.827      3.914    0.41 
Rep.*Units* stratum 
System                     1     27.341     27.341    2.90  0.120 
CC_species                 2   7087.246   3543.623  375.24  <.001 
System.CC_species          2     18.971      9.485    1.00  0.400 
Residual                  10     94.437      9.444 
Total                     17   7235.822 
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Variate: Cover crop C uptake 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     24166.     12083.    0.14 
Rep.*Units* stratum 
System                     1  38246531.  38246531.  428.37  <.001 
CC_species                 2   3937011.   1968506.   22.05  <.001 
System.CC_species          2   5132827.   2566414.   28.74  <.001 
Residual                  10    892843.     89284. 
Total                     17  48233378. 
  
  
Variate: Cover crop N uptake 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     1919.2      959.6    2.35 
Rep.*Units* stratum 
System                     1    87780.4    87780.4  215.30  <.001 
CC_species                 2    44753.8    22376.9   54.88  <.001 
System.CC_species          2    11440.1     5720.0   14.03  0.001 
Residual                  10     4077.2      407.7 
Total                     17   149970.7 
  
  
Variate: Partial land equivalent ratio 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
System.*Units* stratum 
CC_species                 2     0.3233     0.1617    1.44  0.309 
Residual                   6     0.6745     0.1124 
Total                      8     0.9978 
  
  
Variate: Aggresivity (Aab) 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
Rep stratum                2     0.0335     0.0168    0.11 
Rep.*Units* stratum 
CC_species                 2     0.3988     0.1994    1.33  0.361 
Residual                   4     0.6011     0.1503 
Total                      8     1.0335 
  
  
Variate: Amount of N (kg/ha) fixed 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Rep stratum                2     3321.9     1660.9    4.81 
  
Rep.*Units* stratum 
System                     1    26188.0    26188.0   75.78  <.001 
CC_species                 1     8200.7     8200.7   23.73  0.003 
System.CC_species          1     2710.7     2710.7    7.84  0.031 
Residual                   6     2073.4      345.6 
Total                     11    42494.7 
  
  
Variate: % N in cover crops derived from biological nitrogen fixation 
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
System                     1    1376.91    1376.91   40.43  <.001 
CC_species                 1     376.62     376.62   11.06  0.010 
System.CC_species          1      37.48      37.48    1.10  0.325 
Residual                   8     272.47      34.06 
Total                     11    2063.47 
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Appendix 7: Standard gross margin (GM) budget for maize 
ENTERPRISE BUDGET (IN RANDS) :  MAIZE (IRRIGATED)   
Crop: Maize Date compiled: 01/09/2009 
     
  
Unit 
Price/Cost Quantity 
per ha Value/ha   per Unit 
GROSS PRODUCTION VALUE     
Maize sales ton 1750 6.00 10,500.00 
Total gross production value       10,500.00 
ALLOCATED COSTS         
Pre- harvest cost     
Seed: ABC 125 kg 42.00 25 1,050.00 
Fertiliser: N kg 10.00 70 700.00 
               P kg 11.50 16 184.00 
               K kg 60.00 4 240.00 
Lime kg 1.20 750 900.00 
Pesticides:  Counter kg 42.00 2.2 92.40 
Fastec R 1.32 28.56 37.70 
Monocrotofos (152 ha) R 53.00 0.5 26.50 
Gaucho g 2.30 0 0.00 
Herbicides:  Bullet R 60.11 0.95 57.10 
Guardion R 105.00 0.19 19.95 
Hail insurance % 6.40% 1350 86.40 
Fuel (80%) R 4.50 68.00 306.00 
Repair & maintenance (80%) ha 400.00 1 400.00 
Seasonal labour R/day 30.00 40 1,200.00 
Labour transport R/hour 10.50 4 42.00 
Interest on current capital ha 5.00% 1957.22 97.86 
Total pre-harvest cost       5,439.91 
Harvest cost         
Fuel (20%) l 3.50 17 59.50 
Repair & maintenance (20%) ha 71.4 1 71.40 
Contract combine ha 0.00 0 0.00 
Transport Cent/ton/km 0.75 40 30.00 
Labour transport R/km 10.50 5 52.50 
Labour (casual) R/day 30.00 20 600.00 
Total harvest cost       813.40 
Total allocated cost     6,253.31 
Margin above specified cost     4,246.69 
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Appendix 8: Expendidures (in Rands) associated with the different treatments in the first cycle (2007/2008) of growing maize on cover crop 
mulch grown in winter. 
 
 
EXPENDITURE/HA Season 1            
 CC seed labour planting Irrigation. Fertiliser Glyphosate Sprayer Rolling Maize seed Planting Fert Bulldock Irrigation. TVC 
OATS R1 360 57.1 1492.2 1937.446 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 8935.556 
OATS R2 360 57.1 1492.2 1937.446 275 57.1 57.1 983.29 57.1 0 40 1492.2 6808.536 
OATS R3 360 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 6998.11 
OATS R4 360 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 0 40 1492.2 4871.09 
VETCH R1 1234.8 57.1 1492.2 644 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 8516.91 
VETCH R2 1234.8 57.1 1492.2 644 275 57.1 57.1 983.29 57.1 0 40 1492.2 6389.89 
VETCH R3 1234.8 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 7872.91 
VETCH R4 1234.8 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 0 40 1492.2 5745.89 
F.BEAN R1 1129.51 57.1 1492.2 644 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 8411.62 
B.BEAN R2 1129.51 57.1 1492.2 644 275 57.1 57.1 983.29 57.1 0 40 1492.2 6284.6 
F.BEAN R3 1129.51 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 7767.62 
FBEAN R4 1129.51 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 0 40 1492.2 5640.6 
LUPIN R1 480 57.1 1492.2 644 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 7762.11 
LUPIN R2 480 57.1 1492.2 644 275 57.1 57.1 983.29 57.1 0 40 1492.2 5635.09 
LUPIN R3 480 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 7118.11 
LUPIN R4 480 57.1 1492.2 0 275 57.1 57.1 983.29 57.1 0 40 1492.2 4991.09 
CONT R3 0 0 0 0 275 57.1 57.1 983.29 57.1 2127.02 40 1492.2 5088.81 
CONT R4 0 0 0 0 275 57.1 57.1 983.29 57.1 0 40 1492.2 2961.79 
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Appendix 9: Expendidures (in Rands) associated with the different treatments in the second cycle (2008/2009) of growing maize on cover crop 
mulch grown in winter. 
 
EXPENDITURE/HA  Season 2           
 CC seed labour Irrigation Fertiliser Glyphosate Sprayer Rolling maize seed Planting Fert Basagran Bulldock Irrigation. TVC 
OATS R1 360 57.1 1326.4 1937.446 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 9204.756 
OATS R2 360 57.1 1326.4 1937.446 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 7077.736 
OATS R3 360 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 7267.31 
OATS R4 360 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 5140.29 
VETCH R1 1234.8 57.1 1326.4 644 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 8786.11 
VETCH R2 1234.8 57.1 1326.4 644 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 6659.09 
VETCH R3 1234.8 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 8142.11 
VETCH R4 1234.8 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 6015.09 
F.BEAN R1 1129.51 57.1 1326.4 644 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 8680.82 
B.BEAN R2 1129.51 57.1 1326.4 644 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 6553.8 
F.BEAN R3 1129.51 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 8036.82 
FBEAN R4 1129.51 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 5909.8 
LUPIN R1 480 57.1 1326.4 644 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 8031.31 
LUPIN R2 480 57.1 1326.4 644 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 5904.29 
LUPIN R3 480 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 7387.31 
LUPIN R4 480 57.1 1326.4 0 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 5260.29 
CONT R3 0 0 0 0 275 57.1 57.1 983.29 57.1 2127.02 435 40 1492.2 5523.81 
CONT R4 0 0 0 0 275 57.1 57.1 983.29 57.1 0 435 40 1492.2 3396.79 
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